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ABSTRACT
For most cancers, the formation of distant metastasis is the point at which clinical
treatment shifts from curative intent to extending progression free survival. Physi-
cians are currently unable to diagnose metastasis until disseminated tumor cells affect
the function of a target organ as a secondary tumor. This dissertation describes a
novel approach where implantable biomaterial scaffolds are used to recruit metastatic
tumor cells for early detection prior to colonization of solid organs. This recruitment
of tumor cells to a defined site can not only serve as a platform for detection, but can
also have therapeutic effects and be used as a platform to study metastatic processes.
This dissertation describes work in each of these three areas including using an im-
plantable biomaterial scaffold for early detection, therapeutic benefit, and a platform
to study metastasis. The therapeutic benefit of scaffolds was demonstrated by scaffold
implantation significantly enhancing disease-free survival in a murine model of triple
negative breast cancer. Myeloid derived suppressor cells were the key population of
immune cells whose capture at the scaffold and reduction in the spleen and primary
tumor lead to enhanced survival. In an effort to probe the contributions of vari-
ous immune cell types to the formation and maintenance of the pre-metastatic and
metastatic niche in vivo, a gene delivery approach was utilized to alter the immune
microenvironment of the scaffold and investigate the recruitment of tumor cells, find-
ing reduced immune and tumor cell recruitment with IL-10 delivery and developing
a model of tumor cell recruitment that is dependent upon the proportion of each im-
mune cell type in the niche. Additional efforts to use the scaffold to study metastasis
included studying scaffold captured tumor cells relative to tumor cells derived from
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other locations. Scaffold captured tumor cells were a highly aggressive population of
metastatic tumor cells similar to those found in a metastatic lung, underscoring the
use of the scaffold as a sampling location for metastatic disease that is reflective of
tumor cell phenotype in solid organs. Next, biomaterial scaffolds were also validated
in transgenic models of both breast and pancreatic cancer to identify immune dys-
regulation as a function of tumor burden, recruit tumor cells, and to reduce tumor
burden. Finally, non-invasive ultrasound imaging and subsequent spectral analysis
techniques were applied to identify changes in the scaffold associated with tumor
burden and tumor cell recruitment. Taken together, this body of work supports that
the implantable biomaterial scaffold technology provides a robust and novel approach
for the early detection of metastatic disease in both breast and pancreatic cancer,
therapy to divert both pre-metastatic niche forming immune cells and tumor cells
themselves to an ectopic site and away from solid organs, and as a platform to study
mechanisms of the pre-metastatic niche and metastasis.
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CHAPTER I
Introduction
1.1 Opening
Cancer metastasis is responsible for 90% of cancer related deaths. As the second
most common cause of death in the United States, an estimated 1.7 million new cases
will be diagnosed in 2018 and 610,000 patients will die from the disease. Metastasis is
deadly, not only because tumor cells colonize a vital organ and prevent normal func-
tion, but also because there are no proven detection methods to identify either an
increased risk for metastasis or metastasis at it’s earliest stages before organ function
is compromised. The research presented in this dissertation exists at the intersec-
tion of biomaterials, tissue engineering, immunoengineering, and cancer biology and
aims to develop novel detection strategies for metastasis, use the biomaterial plat-
form to study metastasis and the pre-metastatic niche, and to investigate the use of
biomaterials as a therapeutic for metastasis.
1.2 Contents
Chapter 1 provides a general introduction to the concept of engineering the
pre-metastatic niche and the research topics explored in this dissertation.
Chapter 2 establishes an intellectual framework for the dissertation and sum-
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marizes the relevant history of the pre-metastatic niche, cancer metastasis, and engi-
neering approaches to study these phenomena.
Chapter 3 introduces the concept of using implantable biomaterial scaffolds for
early detection of metastasis and therapeutic benefit in combination with a resection
of the primary tumor. The central goal of this work was to develop a slowly degrading
biomaterial scaffold that is capable of recruiting metastatic tumor cells in a chronic
implantation setting. The scaffold microenvironment was found to be dynamic with
primary tumor progression, demonstrating an increase in myeloid derived suppressor
cells with concordant with metastasis development in the scaffold. We demonstrate
that in combination with resection of the primary tumor after detection of tumor cells
in the implant, scaffold implantation enhances survival relative to a mock surgery.
Chapter 4 discusses the use of the scaffold technology as a platform to investigate
the role of various cytokines and immune cell populations in tumor cell recruitment
to a metastatic site. Lentivirus encoding for immunomodulatory factors including
CXCL12, Il10, and CCL2 was delivered from the scaffold and investigated for its
ability to alter the immune cell populations present within the scaffold and subse-
quently alter tumor cell recruitment. Delivery of CXCL12 was found to enhance
immune cell recruitment while delivery of IL10 reduced immune cell recruitment. Tu-
mor cell recruitment to the engineered niche was also investigated and IL10 was found
to significantly reduce tumor cell recruitment to the scaffold. The role of individual
immune cell populations was investigated by developing a multiple linear regression
model for tumor cell recruitment across all lentiviral conditions. Finally, the effect
of immunomodulated microenvironments were evaluated by treating tumor cells with
conditioned media generated from explanted scaffolds with the lentivirus of interest.
This chapter demonstrates that the scaffold may be used as a platform to validate
key contributors to tumor cell recruitment and phenotype at a metastatic site.
Chapter 5 describes the investigation of the tumor cells recruited to biomaterial
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scaffolds in vivo and comparison to the primary tumor and lung metastasis. Tumor
cells were isolated from various metastatic locations in vivo and expanded into cell
lines. These locations included the primary tumor (PT), scaffold (SCAF), and lung
(LUNG). Following the generation of cell lines from each location, the phenotype of
these tumor cell lines were compared both in vitro and in vivo. SCAF cells were found
to be more aggressive in vitro including higher migration, mammosphere formation,
cancer stem cell surface marker and 30 times more metastatic to the lung compared to
the PT line when inoculated in vivo. The molecular differences accounting for differ-
ential metastatic behavior and phenotype were investigated using RNAseq and Hi-C
techniques for function and structure of the genome respectively. RNAseq identified
key differentially expressed pathways including TNFα signaling via NFκB which was
enriched in SCAF relative to PT. This finding was supported by an alteration in both
structure (Hi-C) and function (RNAseq) in genes with NFκB binding sites between
SCAF and PT cells. Additionally TNFα via NFκB was also enriched in LUNG rel-
ative to PT indicating this may be a common mechanism of metastatic phenotype
between these two cell lines. This chapter demonstrates that the scaffold may be used
as a sampling location for metastatic tumor cells that are reflective of those found in
the lung.
Chapter 6 describes the use of biomaterial scaffolds in spontaneous models of
tumorigenesis and metastasis. All previous models of metastasis described in this
dissertation relied upon orthotopic injection of tumor cells into the mammary fat pad
of healthy mice. In this chapter we investigated the ability of the scaffold to recruit
metastatic cancer cells in two models of spontaneous tumorigenesis and metastasis.
We first started with the spontaneous breast cancer model MMTV-RFP-PyMT. We
found the scaffold recruits tumor cells and displays tumor-burden dependent immune
dynamics. We next investigated the spontaneous model of pancreatic cancer KPCY.
In this model we again found that the scaffold recruits tumor cells and displays tumor-
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burden dependent immune dynamics. We also found a reduction in metastatic burden
in the KPCY model with scaffold implantation relative to mock surgery. Finally, we
investigated the ability of the immune signature in the scaffold to differentiate between
these two tumor types and found differential tumor-dependent immune modulation
in these two cancers. The recruitment of tumor cells and tumor-dependent immune
dynamics by biomaterial scaffolds in two very different tumor models in two cancers
with very different clinical outcomes highlights the versatility and translatability of
this platform technology.
Chapter 7 discusses the use of high frequency spectral ultrasound imaging or
SUSI to detect metastasis to biomaterial scaffolds. Biomaterial scaffolds that recruit
tumor cells in vivo are a promising platform technology for the early detection of
metastasis in patients with breast cancer. However, a key need for this platform to
be implemented in patients is a non-invasive monitoring system. In this chapter the
use of SUSI as a non-invasive monitoring tool is detailed in both human xenograft and
mouse syngeneic models of breast cancer metastasis. Tissue parameters identifying
alterations associated with metastasis were discovered that are consistent across both
human and mouse tumors. The biological mechanism of these alterations was also
investigated via SUSI analysis of decellularized scaffolds from tumor free and tumor
bearing mice as well as analysis of scaffold infiltrating cells from tumor free and tumor
bearing mice. Finally, classification algorithms were designed and applied to the data
to stratify SUSI signatures from tumor free and tumor bearing mice. This chapter
highlights the potential avenues for translation of the scaffold not only as a site to
collect tumor cells but also as a site to monitor both non-invasively and longitudinally
to identify tissue parameter alterations associated with development of metastasis.
Chapter 8 concludes the dissertation and summarizes the presented findings.
The significance and impact of the work described herein are discussed and proposed
future directions are detailed.
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Figure 1.1: Overview of dissertation contents.
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CHAPTER II
Engineering the Pre-metastatic Niche
2.1 Authors
Brian A Aguado*, Grace G Bushnell*, Shreyas S Rao, Jacqueline S Jeruss, Lonnie
D Shea * These authors contributed equally to this work
2.2 Abstract
The pre-metastatic niche forms during metastatic progression, in which the pri-
mary tumor drives the aberrant accumulation of immune cells in target organs to
prime the microenvironment for tumor cell colonization. Since the discovery of the
pre-metastatic niche, there has been great interest in deconstructing the complexity
of the niche and identifying the roles of individual niche components in mediating
tumor cell homing, colonization, and proliferation. Technological advances in bio-
materials engineering have enabled various iterations of pre-metastatic niche mimics,
in which the immune response, soluble factors, extracellular matrix proteins, and
other niche cells have been used to mimic the niche both in vitro and in vivo with
user-defined parameters. Given the newfound ability to manipulate metastatic cell
trafficking in vivo, engineered pre-metastatic niche mimics have also been used as
oncomaterials, demonstrating both diagnostic and therapeutic capabilities. In sum,
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the juxtaposition of pre-metastatic niche biology and biomaterials engineering have
enabled unique discoveries of how tumor cells interact with pre-metastatic niches,
which may offer insights for future strategies to block pre-metastatic niche formation
and cellular interactions in metastatic cancer patients.
2.3 Introduction
Diagnosing a patient with metastasis often indicates the disease has become in-
creasingly difficult to treat effectively, since metastasis is responsible for 90% of
cancer-associated deaths [1, 2]. The journey of a metastatic cell from a primary
tumor to a secondary target organ is a progressive cascade of multiple events, involv-
ing numerous microenvironmental signals at each stage of disease progression [3–5].
Briefly, the metastatic cascade begins with invasion, where primary tumor cells un-
dergo a phenotypic change termed the epithelial-mesenchymal transition (EMT) to
degrade the tumor basement membrane and move into the surrounding tumor vascu-
lature to become a circulating tumor cell (CTC). CTCs are attracted via chemokine
gradients to organ microenvironments through a process known as homing. Once a
CTC encounters the target organ microenvironment, the CTC escapes the vasculature
via extravasation and is then classified as a disseminated tumor cell. During colo-
nization, the disseminated tumor cell encounters an attractive and permissible niche
at a target organ, where the tumor cell adheres, proliferates, and begins to form a
secondary tumor. At this point in the cascade, secondary tumors begin to negatively
affect organ function and dramatically decrease chances of survival. In 1889, Steven
Paget developed the seed and soil hypothesis, positing that the spread of tumors is
not random but governed by regulated processes where the metastatic tumor cell, or
seed, grows more optimally in organ soils primed for tumor cell arrival [6]. Pagets
observations were the first to describe cancer cell dissemination as pre-determined,
and that cancer cells tend to colonize specific tissue types. For example, in the case
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of breast cancer, metastases tend to form primarily in bone tissues, liver, lung, and
brain, indicating a tropism for specific microenvironments [3]. This primed microenvi-
ronment located at target organs has been termed the pre-metastatic niche (Figure
2.1) and is involved in promoting tumor cell homing, colonization, and growth at
a target organ. The pre-metastatic niche is a complex microenvironment, which in-
cludes inflammatory immune cells, stromal cells, extracellular matrix (ECM) proteins,
tumor-secreted exosomes, and homing factors. In brief, niche formation is a function
of primary tumor microenvironment formation and evolution. Tumor secreted fac-
tors and tumor-derived exosomes (Figure 2.1A) mobilize and recruit bone marrow
derived cells (BMDCs) to niches in secondary organs (Figure 2.1B) where they inter-
act with the local stroma to create permissive and attractive sites for metastatic cells
(Figure 2.1C, 2.1D) [7]. The niche was first described by Kaplan et al. through the
arrival of VEGFR1+ BMDCs to the metastatic site, which preceded and predicted
the arrival of tumor cells [8]. Additional BMDC populations have been implicated in
the formation of the pre-metastatic niche including CD11b+ myeloid cells, myeloid
derived suppressor cells (MDSCs), neutrophils, tumor-associated macrophages, and
regulatory T cells [9–16]. Tumor-secreted factors and exosomes can also directly mod-
ify the host stroma to establish a supportive microenvironment [17, 18]. Additionally,
fibroblasts, endothelial cells, and lung epithelial cells have been associated with the
establishment of the pre-metastatic niche via secretion of inflammatory cytokines and
chemokines [10, 13, 19]. Though there is evidence that pre-metastatic niche formation
leads to metastases, there is an urgent need to further elucidate the individual and
combinatorial cues that promote tumor cell homing, colonization, and proliferation at
the pre-metastatic niche, with the goal of developing novel therapeutic interventions.
Due to biological complexity and commonalities with primary tumor progression, the
contributions of individual components leading to metastasis have been challenging
to study in vivo. Biomaterial-based strategies have been developed to deconstruct
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these complex environments and focus on distinct metastatic processes, including pri-
mary tumor formation [20–22], invasion [23], and extravasation [24, 25], as well as
metastatic cell homing [26], colonization [27], and proliferation [28]. Tissue engineer-
ing principles are being applied to model the pre-metastatic niche environment as a
means to identify and study the key factors driving tumor cell activity at an organ
site. Compared to more traditional genetic or transgenic animal models for evaluat-
ing metastatic progression, studying these processes using an engineered ectopic site
in vivo avoids the need for biologically modifying the tumor or host (Table 2.1).
As a result, the progression of the tumor, formation of metastases, and phenotype
of the host are kept constant, thus reducing numerous confounding biological fac-
tors. The design of artificial, user-defined niches using biomaterials may facilitate the
identification of components of the pre-metastatic niche in vivo, which may lead to
strategies that efficiently prevent niche formation, divert metastatic cells away from
target organs, or develop early detection strategies [29, 30]. Several factors should
be considered when implementing biomaterials to engineer a pre-metastatic niche, in-
cluding choice of material (synthetic and/or natural), fabrication method, inclusion of
bioactive cues, degradability, and porosity (Table 2.2). Furthermore, biomaterials-
based tools that mimic the pre-metastatic niche have recently been shown to have
translational opportunities, enabling novel detection and therapeutic strategies in an-
imal models that have been previously unattainable using conventional approaches
[31]. The strategies for engineering mimics of the pre-metastatic niche are described
in this review, with a focus on (i) how biomaterials have been used to probe ques-
tions regarding tumor cell recruitment to an engineered niche, (ii) tumor cell behavior
upon arrival to a niche, and iii) how engineered niches may be used for detection and
therapeutic strategies.
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Figure 2.1: Formation of the pre-metastatic niche. (A) Hypoxic tumor sheds
exosomes (yellow dots) to simultaneously prepare the niche at a target
organ and to stimulate mobilization of BMDCs. Other tumor-secreted
factors (e.g. lysyl oxidase) crosslink ECM proteins (purple curves). (B)
BMDCs (green cells) accumulate at prepared sites, adhering to accumu-
lated ECM. (C) BMDCs and other immune cells (e.g. myeloid derived
suppressor cells) secrete factors (orange dots) to induce metastatic cell
(blue cells) homing to niche sites. (D) Metastatic cells colonize and pro-
liferate at metastatic niche sites. Illustrations courtesy of Katie Aguado.
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Strategy Advantages Disadvantages
Biomaterial
pre-
metastatic
niche mimic
-Limited off-target effects
-Defined location for
analysis
-Biomaterial properties
can be manipulated for
different applications
-Ease of evaluating mul-
tiple niche cues in one
device
-Large number of cells
can be retrieved from the
device
-Does not recapitulate
all elements of the native
pre-metastatic niche
-The foreign-body re-
sponse may influence the
biomaterial environment
and differ from a natural
pre-metastatic niche
High-risk
tissue-bed
biopsy
-Enables determination
of cues leading to organ-
specific metastasis
-Captures heterogeneity
between metastatic foci
-Variability between sam-
ples may confound discov-
ery of critical signals
-The identification of pre-
metastatic sites is limited
Genetically
engineered
mouse mod-
els
-Direct evidence for the
role of a factor or cell type
in metastasis
-Ability to knock-out and
knock-in specific genes
-Costly and time intensive
-Potential for off-target ef-
fects on health of the an-
imal or on tumor progres-
sion
Table 2.1: Strategies for characterizing the pre-metastatic niche and the for-
mation of metastasis
2.4 Cancer Cell Recruitment to an Engineered Niche
Numerous tissue engineering approaches have been utilized to create biomaterial
platforms to mimic properties of the pre-metastatic niche (Table 2.2). Material op-
tions include synthetic degradable materials (e.g. poly(lactic-co-glycolic acid), PLG),
synthetic non-degradable materials (e.g. polyacrylamide), and natural materials (e.g.
silk). Each of these substances can be formed into a porous scaffold structure capable
of (i) supporting retention of loaded factors or cells, (ii) facilitating integration with
a host tissue upon implantation, (iii) facilitating formation of a defined microenvi-
ronment in vivo and (iv) ultimately providing an ectopic site for the recruitment of
metastatic tumor cells. The choice of material depends on the desired application
and feature of the pre-metastatic niche to mimic. For example, in applications where
the desired goal is to simulate the bone microenvironment, relatively stiff biomate-
rials with similar mechanical properties to bone may be advantageous [32]. These
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Source Material Structure Fabrication
Method
Bioactive
modifications
Refs
Synthetic Poly(lactic-co-
glycolic acid)
Poly(ε-
caprolactone
Poly-L-lactic
acid
Hydroxyapatite
Polyacrylamide
Polyurethane
Polyallyamine
Scaffold
Layered scaffold
Scaffold
Microparti-
cles
Nanoparticles
Porous gel
Scaffold
Microparticles
Gas foaming
Microspheres
Gas foaming
Microfabrication
Electrospinning
Precipitation
Precipitation
Microfabrication
Commercial
Layer-by-layer
coating
CCL22, MDSCs
Haptoglobin
None
Exosomes
Osteoblasts
EPO, SDF-1
Serum
Collagen/BMSCs
MSCs
CAFs
[31]
[34]
[30]
[29]
[32]
[26]
[35]
[27,
36]
[37]
[38]
Natural Bone fragments
Silk
Lung/liver ma-
trix
Osteoblast ma-
trix
Collagen
Human/mouse
Scaffold
Coatings
Mineralized
sheets
Bulk gel
Direct harvest
Salt leaching
Decellularization
Decellularization
Embedded in
microfluidic cham-
ber
None
BMP-2
None
None
MSCs, ECs
[39,
40]
[33,
41]
[42]
[43]
[44]
Table 2.2: Materials and biological modifications for the engineering of the
pre-metastatic niche.
materials can be combined with appropriate factors implicated in organotropism to
specific sites to better emulate the properties of the target organ [33]. A platform
that provides facile and sustained delivery of the factor or cell type being investigated
can serve to examine the contribution of that factor to the homing and colonization
of cancer cells [31, 34]. This combination of biomaterials and biological modifications
provides a vast toolkit for dissecting the molecular components of the pre-metastatic
niche and discovering novel contributors to pre-metastatic niche formation and func-
tion in vivo.
2.4.1 Immune cell trafficking
Multiple immune cell types are involved in pre-metastatic niche formation, and the
complexity of the niche has confounded the analysis of the role for each cell type. In
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addition to VEGFR+ BMDCs playing a major role in establishing the pre-metastatic
niche, other myeloid cells including MDSCs [45, 46], macrophages [47], and monocytes
[15] contribute to niche formation and tumor cell homing. For instance, hypoxic tu-
mor cells secrete lysyl oxidase which crosslinks collagen IV in the lung and facilitates
the accumulation of CD11b+ monocytes, ultimately leading to pre-metastatic niche
formation [10, 48]. T-cells have also been shown to be involved in assembling the
pre-metastatic niche [49, 50]. The role of hematopoetic stem and progenitor cells
(HSPCs) has also been elucidated in pre-metastatic niches. Purified populations of
HSPCs were tracked in vivo using an orthotopic E0771 adenocarcinoma breast tu-
mor model, and HSPCs were shown to differentiate readily into immunosuppressive
myeloid cells [11]. Once immune cells accumulate at distal organs, they secrete a
multitude of factors facilitating the subsequent recruitment and colonization of dis-
seminated tumor cells [51, 52]. Recent studies have shown the real-time interactions
of immune cells and disseminated tumor cells undergoing colonization at target or-
gans using intravital imaging, further elucidating the role of myeloid cell populations
in providing a primed harbor for tumor cells at target organs [53]. While these stud-
ies identify the importance of immune cells in the pre-metastatic niche, few studies
have investigated the interplay between tumor cell and immune cells within the pre-
metastatic niche. This lack of investigation is partially due to a lack of tools to probe
the pre-metastatic niche without significant off-target effects on tumor, metastatic
progression, or immune function. Monitoring and evaluating tumor cell interactions
with immune cells at the pre-metastatic niche represents an opportunity to probe the
mechanisms governing metastasis.
Understanding cellular interactions at the pre-metastatic niche would lead to op-
portunities to exploit immune cells to capture metastatic tumor cells for detection
and therapy. Upon implantation, biomaterial scaffolds elicit an acute inflammatory
response in the host. The host response to an implanted biomaterial includes several
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blood-material interactions, including the formation of a fibrous capsule consisting
of inflammatory immune cells and fibroblasts around the border of the implant. Al-
though several other reviews discuss the inflammatory response to implanted bioma-
terials [54–57], more recent studies elucidate a connection between the immune cells
recruited to a biomaterial and the immune cells required to establish a pre-metastatic
niche site (Figure 2.2). For example, in an immune competent Balb/C mouse, a
variety of inflammatory immune cell populations are recruited to a subcutaneously
implanted poly(ε-caprolactone) (PCL) micro-porous scaffold (Figure 2.2A, 2.2B).
During a four-week implantation period prior to 4T1 breast tumor cell inoculation,
Ly6C+F4/80- inflammatory monocytes and CD11c+F4/80- dendritic cells accumu-
late at the implant site. However, following tumor inoculation, inflammatory mono-
cytes further increased and Gr1hiCD11b+Ly6C- MDSCs accumulated at the scaffold
(Figure 2.2C), while dendritic cell and F4/80+CD11b+ macrophage populations
decreased, thus recapitulating elements of the pre-metastatic niche [30]. Immune cell
dynamics at the scaffold correlate with tumor cell recruitment, indicating the bio-
material implant is able to recapitulate characteristics of a natural pre-metastatic
niche. In another approach, poly-L-lactic acid (PLA) microspheres have also been
shown to recruit CD11b+ monocytes to the implant location [26]. B1F10 melanoma
cells home to implanted PLA microspheres due to the prior arrival of inflammatory
immune cells. The recruitment of tumor cells without chemokine delivery indicates
that tumor cells can home to an implant due to the local foreign body response alone.
Importantly, the composition of the immune cells in the foreign body response may
differ in tumor-bearing relative to healthy animals, with the foreign body response
in a tumor-bearing host facilitating formation of a pre-metastatic niche at an ectopic
location. The emerging concept of immune cells mediating tumor cell recruitment to
an implanted biomaterial has significant implications in the study and modulation of
metastatic cell trafficking, as well as enabling detection and study of tumor cells at
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user-defined, ectopic locations.
2.4.2 Soluble factors and exosomes
The pre-metastatic niche microenvironment also consists of chemokines and cy-
tokines that actively influence immune cell and metastatic cell behavior. Various
secreted factors from stromal cells have been implicated in recruiting immune cells as-
sociated with the pre-metastatic niche including SDF-1, TGF-β, S100A-8/9, IL-1, and
caveolin-1 [13]. Similarly, immune factors including VEGF, IL-6, IL-1, TNF, CCL17,
G-CSF, Bv8, S100 proteins, CCL2 and CCL22 were shown to be over-expressed at
target organs during metastatic progression, suggesting a role in pre-metastatic niche
formation and tumor cell recruitment [14, 52, 58]. The function of each of these
factors has been described in detail by Liu et al [59]. In brief, VEGF was found
to recruit VEGFR1+ BMDCs [8], TNF induces S100A8/9 expression which attracts
Mac1+ myeloid cells and tumor cells to the niche [60, 61], G-CSF mobilizes MD-
SCs to the lung niche [9], Bv8 promotes angiogenesis and mobilization of myeloid
cells to the niche [12], IL-6 is responsible for tumor promoting inflammation [61],
and finally CCL2 recruits monocytes and BMDCs and facilitates the extravasation
of cancer cells [16]. Immature Gr1+CD11b+ MDSCs are responsible for suppressing
IFN-γ and increasing inflammatory cytokine expression, and induce the expression
of MMP9 in cells to allow for matrix remodeling at the niche [62]. Additionally, the
role of soluble factors in mediating metastasis to bone tissue has been characterized
using 3D models, where tumor cells actively prepare the bone tissue for coloniza-
tion through the release of cytokines such as IL-8 [35, 63]. Colonizing breast tumor
cells must produce osteoclast-activating factors including IL-6, IL-11, and TNF to
initiate bone resorption in an effort to create space for the metastatic lesion [64].
Additionally, inflammatory Mac1+ monocytes and lung endothelial cells are known
to secrete calcium-binding S100A8 and S100A9 factors in the presence of a primary
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Figure 2.2: Myeloid derived suppressor cell (MDSC) dynamics in a breast
tumor bearing mouse implanted with a biomaterial scaffold. (A)
Photographic (scale = 1 mm between black tick marks) and (B) Scan-
ning electron microscope images (scale = 1 mm) of a microporous PCL
scaffold. (C) Tumor progression influences Gr1hiCD11b+Ly6C- MDSCs
at the PCL scaffold implanted subcutaneously in a Balb/C mouse inoc-
ulated with 4T1 triple negative breast tumor cells. (D) PCL scaffolds
reduce MDSC burden in the spleen, which indicates a reduction in sys-
temic MDSC burden.
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tumor, which initiates the recruitment of additional monocytes to pre-metastatic sites
[19, 60]. S100A8 and S100A9 are also known to increase formation and activation
of invadopodia via p38 signaling, which may promote tumor cell adhesion at a pre-
metastatic niche [65]. Soluble factors have a clear role in mediating the recruitment of
different immune cell populations, which subsequently impact tumor cell recruitment
to the niche. While many soluble factors have been implicated in the pre-metastatic
niche, these have been difficult to study in a controlled manner due to the common-
ality of many of these chemokines and cytokines with processes in tumor progression.
The release of chemotactic factors from biomaterials has been used to manipu-
late immune and tumor cell trafficking to implant sites. Chemokine releasing scaf-
folds have recruited metastatic melanoma tumor cells [26]. Stromal-derived factor 1
(SDF-1) and erythropoietin (EPO) releasing scaffolds implanted subcutaneously have
been compared, with EPO scaffolds having increased tumor cell recruitment (Figure
2.3A). The delivery of viruses from biomaterials that encode for chemokines has also
been employed to modulate immune cell trafficking [66]. Similarly, PLG scaffolds
with an immobilized lentivirus encoding for CCL22 modulated the immune cell com-
position within the scaffold [31]. An increase in MDSCs at the niche was observed,
which enhanced tumor cell recruitment to the scaffold, similar to the mechanism of
pre-metastatic niche formation and completion by tumor cells [45, 46]. These factors
are thought to modulate the chemokines at the local environment; however, altering
the trafficking of immune cells locally may potentially have an impact systemically.
Collectively, these studies indicate that individual secreted factors have distinct cell
recruitment abilities and direct release from the material may enable studies of im-
mune and metastatic cell trafficking.
Tissue engineered constructs have delivered a variety of soluble factors to in-
vestigate their role in tumor cell homing [41]. Silk biomaterial scaffolds have been
developed to study the impact of BMP-2 on bone metastasis [67]. BMP-induced
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transcriptional pathways are activated during breast and prostate cancer invasion and
bone metastasis [68, 69]. Using a layered scaffold system, BMP-2 release stimulates
adhesion of PC3 prostate cancer cells to the scaffold and enhanced the attached cells
expression of osteogenic markers in response to BMP-2. More recently, the immune
cell secretome that may attract MDA-MB-231 breast cancer cells was characterized
using systems biology and biomaterial techniques [34]. Using mass spectrometry
proteomics, 115 proteins were identified as secreted by the immune cells, and were
considered candidate mediators of metastatic cell homing. Using a complementary
systems biology approach that measures large-scale transcription factor activity, the
list of candidate factors was narrowed to five. Haptoglobin was identified as a critical
mediator of homing and PLG scaffolds were engineered to locally release haptoglobin
upon implantation in orthotopic breast cancer mouse models. The protein-releasing
scaffolds were able to recruit significantly more metastatic tumor cells to the syn-
thetic scaffold site relative to blank scaffolds, indicating a role for haptoglobin in
tumor cell homing to a niche. Taken together, elucidation of the ability of EPO
[26] and haptoglobin [34] to recruit tumor cells to engineered niches indicates that
these platforms can serve to validate components of the pre-metastatic niche, and
also facilitate discovery of novel contributors to pre-metastatic niche formation and
function. Tumor-shed exosomes, which contain a variety of soluble factors that elicit
dramatic changes in immune cell trafficking and the target organ ECM, have simi-
larly been delivered locally as a means to promote tumor cell recruitment. Typically
50-90 nm in diameter, exosomes are small membrane vesicles shed from cells via
fusion of multi-vesicular bodies to the cell membrane [70, 71]. The multi-vesicular
bodies carry signaling molecules from the cytoplasm, and once secreted from a cell,
the newly-formed exosome participates in cell-cell communication after internaliza-
tion by another cell type [72]. Exosomes were shown to prepare organs for tumor
cell colonization and mobilize BMDCs to pre-metastatic niche sites [7, 18]. For pre-
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metastatic niche formation in the lung, RNA molecules from tumor-shed exosomes
activate TLR3 in alveolar type II cells, which stimulates neutrophil recruitment to a
target site [59]. As such, using tumor derived exosomes in engineered pre-metastatic
niches may further elucidate their role during metastasis progression [73]. With this
concept in mind, de la Fuente et al embedded exosomes in a 3D biomaterial scaf-
fold to serve as a metastatic trap (M-Trap) [29]. The authors found that in both
peritoneal and orthotopic models of ovarian cancer, the M-Trap device preferentially
captured metastatic cells (Figure 2.3B). As a result, mice implanted with M-Trap
scaffolds survived significantly longer than those without implants, with a greater
survival benefit demonstrated with removal of the implant after focalization of the
metastatic disease.
2.4.3 Extracellular matrix
The pre-metastatic niche microenvironment assists with immune cell and tumor
cell colonization to a target tissue. As early as 1999, it was demonstrated that intra-
venously delivered human prostate cancer cells would arrive and engraft to implanted
human bone fragments but not implanted human lung or intestinal tissues [39]. Simi-
larly, human SUM1315 cells, derived from a patient bone nodule of metastatic breast
cancer, preferentially colonize engrafted human bone sample when co-injected with
human bone marrow stem cells and did not metastasize to mouse bone [39]. Fur-
ther studies using a similar humanized bone metastasis model in SCID mice have
shown disparities in gene expression profiles of cell lines that metastasize sponta-
neously at typical metastatic sites in control mice compared to cells that preferentially
metastasized to human bone implants [40]. These studies show the preferential col-
onization of tumor cells to species-specific microenvironments. More broadly, these
early studies pioneered the concept that tumor cell colonization can be controlled
with the proper design and presentation of a specific microenvironment primed for
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tumor cell recruitment. Tissue engineering strategies have been utilized to model
organ-specific colonization in vitro using organ ECM mimics. To address this need,
a high-throughput strategy to rapidly screen tumor cell adhesion and migration on a
biomaterial-screening platform has recently been reported. Specific tumor cell lines
have a certain proclivity for ECM protein compositions due to integrin expression [74].
Barney et al. suggest that integrin binding dictates organotropism, with β1, 2, and
6 integrin subunit expression determining cellular adhesion to lung, liver, and brain
ECM mimics [75]. By taking advantage of the cell surface receptors expressed on
tumor cells, cells can be cultured on tissue-inspired biomaterials, such as bone, brain,
and lung ECM. Integrin-mediated phenotypes observed on these ECM materials pro-
vided an in vitro fingerprint for cell lines with predictable metastatic targets. After
identifying these fingerprints, heterogeneous tumor cell lines were cultured on the bio-
material ECMs to accurately predict the in vivo metastatic targets. Further studies
have determined that tumor-derived exosomes display distinct integrin patterns that
preferentially bind to organ-specific cells, thus demonstrating that organotropism is
mediated through multiple extracellular signals [18].
Tumor cell adhesion has also been tested using decellularized lung and liver matrix
to coat biomaterial scaffolds [42]. Organ decellularization is a commonplace tissue
engineering method used to obtain tissue-specific matrix [76], and has been recently
used to assess tumor cell activity on primary tumor [77], lung [78], and bone-derived
matrices [79]. Using this approach in vivo, lung and liver decellularized organ ma-
trix obtained from tumor-bearing mice was used to coat micro-porous PCL scaffolds,
and upon subcutaneous implantation, was shown to enhance tumor cell coloniza-
tion at the scaffold relative to healthy decellularized organ matrix (Figure 2.4A,
2.4B). Interestingly, proteomics was used as a technique to evaluate the composi-
tion of lung and liver matrix to identify the unique components of organ-specific pre-
metastatic niches. In this example, myeloperoxidase was determined using proteomics
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and validated as a factor that mediates tumor cell colonization using an engineered
myeloperoxidase-coated PCL scaffold. Taubenberger et al. have investigated this
with engineered mineralized ECM-based scaffolds seeded with osteoblasts. Scanning
electron microscopy was utilized to characterize the myofibrillar network produced by
seeded osteoblasts, which was comparable to the assembly of trabecular bone tissue.
Atomic force microscopy was also used in this study to measure the detachment force
of various breast cancer cells as a measure of tumor cell adhesion to the engineered
sites. Tumor cells seeded on the human bone mimic revealed gene expression changes
in osteopontin, which are consistent with tumor cells colonizing bone tissue in vivo.
This study demonstrated the ability of combinatorial approaches to help identify and
characterize the interaction between many elements in the in vivo niche [43]. Taken
together, these results demonstrate the ability of tissue engineered constructs to re-
capitulate elements of bone-specific colonization, and represent a highly controllable
platform to study these interactions for any organ in vitro.
2.4.4 Cell delivery
While specific cell types have been implicated in pre-metastatic niche formation,
de-convoluting the role of each cell type has been elusive due to the off-target effects
of altering a cell population globally via transgenic strategies, antibody depletion,
or adoptive transfer. Biomaterials provide a practical strategy to evaluate the func-
tion of a specific cell type in recruiting tumor cells to the pre-metastatic niche, as
cells can be seeded directly onto a biomaterial scaffold and implanted into a mouse
model of metastatic cancer. The most frequently reported approach involving cell
transplantation to enhance cancer cell recruitment has attempted to mimic the bone
marrow niche through transplantation of human bone marrow stromal cells (Figure
2.5A) [33, 36], BMDCs [27, 36], or mesenchymal stem cells [37]. These cells were
seeded on a biomaterial scaffold and cultured in vitro prior to implantation. Upon
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Figure 2.3: Soluble factors and exosomes mediate tumor cell homing. (A)
Control, EPO and SDF-1α loaded scaffolds recruit labeled B16F10
melanoma cells, quantified using bioluminescence imaging (*P <0.05).
(B) Exosome-laden scaffolds (M-trap) capture SKOV3 ovarian cancer cells
delivered into the peritoneal cavity. Bioluminescence imaging shows con-
trol mice with metastasis to the pancreas and gonadal fat pads 1 week
after inoculation. Blank scaffolds were able to redirect tumor cells, al-
though abdominal metastases were still detected. M-trap scaffolds were
able to recruit tumor cells with no visible metastases at 1 week after
inoculation.
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implantation, engineered bone marrow niches were able to recruit human breast can-
cer [27, 33, 41], erythroleukemia (Figure 2.5B, 2.5C) [36], acute myeloid leukemia
[37], and prostate cancer cells [27, 80] to the implant site. Interestingly, studies sug-
gest the frequency of capturing tumor cells using scaffolds seeded with BMDCs may
correlate with the frequency of CTC capture in the blood [27]. In sum, bone marrow
mimics are capable of capturing tumor cells at an ectopic site using animal models
of both hematological malignancies and carcinoma metastasis, further demonstrating
that cell-laden materials are capable of mimicking metastatic niches.
Aside from bone marrow mimics, tissue engineered constructs have been used to
deliver cells found at pre-metastatic niche sites to generate a more accurate model.
Stromal cells (e.g. neutrophils, fibroblasts, lymphatic endothelial cells) at target or-
gans provide the microenvironment necessary for human breast tumor cell coloniza-
tion [81, 82]. Local fibroblasts participate in the formation of pre-metastatic niches
and become cancer-supportive through the secretion of growth factors and ECM re-
modeling proteins [83]. In a model of ovarian and colorectal peritoneal metastasis,
De Vlieghere et al. designed cancer-associated fibroblast (CAF) loaded micropar-
ticles (MP-CAF) to divert peritoneal metastasis. Human CAFs were encapsulated
within alginate/gelatin microparticles (500-700 µm in diameter), and the particles
were coated with a membrane composed of polyelectrolytes to retain CAFs within
the microparticle and prevent degradation. Once implanted in the intraperitoneal
space of nude mice, CAFs and CAF-secreted ECM were found to be key in the for-
mation of peritoneal niches for metastasis, and as a result, can serve as a biomimetic
trap for cancer cells [84]. Injection of MP-CAFs into the peritoneal cavity redi-
rected cancer cells to the microparticles and resulted in prolonged animal survival
[38]. Similarly, MDSCs have been harvested from spleens of mice and seeded onto
PLG scaffolds prior to implantation in an orthotopic model of breast cancer using
highly metastatic, brain-tropic MDA-MB-231BR cells [31, 85]. MDSCs were retained
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on the scaffold after implantation, and recruited significantly more tumor cells to the
implant site relative to blank scaffolds. Collectively, implantable bone marrow niches
and other cell-laden scaffolds represent a powerful tool to investigate the contribution
of specific cell types to metastatic cell homing and colonization of tissues and organs.
2.5 Tumor cell behavior at engineered niches
Once a disseminated tumor cell adheres to and grows within a niche present in the
target organ, the cell is said to have colonized the organ. Colonization has been as-
sociated with specific genetic changes, including a mesenchymal-to-epithelial (MET)
transition. In contrast to the EMT transition during invasion, MET is the process
by which tumor cells return to their epithelial-like state to form a distant tumor
mass. MET is typically characterized with gene expression studies, generally showing
a return to expressing E-cadherin and down-regulating vimentin [86]. Metastatic col-
onization is also mediated by the activity of specific transcription factors, including
decreased activity of TGFβ/SMAD3 activity and increased PRRX1 activity [87, 88].
As disseminated tumor cells successfully colonize the target organ, proliferation at
the metastatic site may occur based on cues received from the pre-metastatic niche
[3]. The cues involved in activating dormant metastatic cells to a proliferative state
are still largely unknown. However, there is evidence that the perivascular niche and
sprouting versus stable endothelial networks are able to regulate dormancy through
control of TSP-1, TGF-β, periostin, tenascin, versican, and fibronectin, all factors
previously implicated in the pre-metastatic niche [89]. Alternatively, tumor cells may
also reside in a dormant state where the tumor cells do not divide or the rate of
proliferation is equal to the rate of cell death [90]. The pre-metastatic niche has been
shown to be involved in transitioning dormant disseminated tumor cells into an active
state and initiating their proliferation [89]. Metastatic inefficiency is defined as the
inability of tumor cells to grow at a metastatic site [91–93]. Without proper acti-
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Figure 2.4: Modeling organotropism using ECM- or BMSC-functionalized
scaffolds. (A) Decellularized lung and liver matrix from healthy and
diseased mice inoculated with tdTomato-tagged LM-2 lung/liver target-
ing breast tumor cells was used to coat PCL scaffolds, and scaffolds were
implanted subcutaneously in tumor-inoculated mice to detect differences
in tumor cell colonization as a function of matrix coatings. (B) Matrix-
coated scaffolds from diseased lungs and livers recruited more cells relative
to blank and healthy coating controls as assessed by flow cytometry.(C)
Delivery of multipotent BMSCs (CD44+, CD106+, CD14-, CD34-, CD45-
, CD73+, and CD105+) on scaffolds recruit leukemia tumor cells to an
implant site. (D) Images of hematoxylin and eosin stained tissue sections
of subcutaneously implanted 3D microfabricated polyacrylamide scaffolds
(unseeded vs. BMSC seeded, scale bars = 250 µm). (E) Homing of intra-
venously transplanted human TF-1A cells to unseeded vs. BMSC seeded
scaffolds. Confocal images of scaffolds show significantly more stained
TF-1A cells arriving to BMSC-seeded scaffolds 6 hours after injection
(scale bars = 250 µm). (F) Flow cytometric analysis of labeled TF-1A
cells at the bone marrow vs. implanted scaffolds. FACS analysis suggests
there were approximately twice as many cells at BMSC-seeded scaffolds
relative to unseeded scaffolds.
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vation, disseminated tumor cells may undergo apoptosis at the target organ, remain
dormant at the metastatic site for up to several years, or continue circulating through
the body [94–96].
In vitro biomaterial models of colonization, including models of the pre-metastatic
niche, have proved to be useful to model critical cues that enable sustained tumor
cell proliferation. The accumulation of ECM proteins and inflammatory immune cells
have been implicated in their ability to activate dormant CTCs into a proliferative
state. These effects have been investigated using materials such as a 3D basement
membrane culture model. Barkan et al. demonstrated that solitary tumor cells re-
main dormant due to cell cycle arrest through elevated p16 and p27 activity [28, 97].
The proliferation rates of multiple cell types in 2D and 3D basement membrane gels
have been tested, and a variety of breast tumor cell lines had signs of dormancy in
3D in vitro culture with increased activity of p16 and p27 cell cycle regulators. These
results were comparable to in vivo dormancy typically exhibited by these cell lines.
However, the introduction of fibronectin to the 3D culture environment enhanced pro-
liferation rates of dormant cells and increased cytoskeletal rearrangements, indicating
a dormant/static to proliferative/dynamic switch in phenotype. These results imply
that ECM components typically found in the pre-metastatic niche, i.e. fibronectin,
are greatly involved in initiating the dormant-to-proliferative switch.
Metastatic cells at the pre-metastatic niche experience paracrine signals from
neighboring cells. Consequently, 3D co-culture systems are currently being utilized
to more accurately model the pre-metastatic niche in vitro [98]. For instance, to
model MDA-MB-231 tumor cell extravasation, the bone pre-metastatic niche was re-
cently modeled in 3D using a microfluidic platform consisting of osteo-differentiated
mesenchymal stem cells embedded in a collagen gel lined with endothelial cells [44].
Likewise, 3D collagen gels containing human lung adenocarcinoma cells, lung fibrob-
lasts, and macrophages were used to track MMP-1 and VEGF production in different
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culture conditions (e.g. hypoxia) [13]. Co-culture systems in which cancer cells,
osteoblast-like cells, and/or mesenchymal stem cells are placed in a matrix are be-
ing employed to generate a microenvironment in vitro that models elements of the
in vivo metastatic bone niche. These systems have imparted enhanced migration,
adhesion, angiogenicity, and drug resistance to human breast adenocarcinoma cells
when co-cultured with osteoblast-like cells and mesenchymal stem cells on a silk scaf-
fold compared to indirect co-culture models [99]. Phenotypic changes were reported
for osteoblasts in the metastatic niche including decreased proliferation and miner-
alization as tumor cell activity was enhanced [99]. A similar study was performed
with LNCaP prostate cancer cells and human osteoblasts [100]. However, in this
approach the authors were interested in paracrine signaling pathways and instead of
direct co-culture, the LNCaP cells were embedded in PEG hydrogels and co-cultured
with PCL scaffolds pre-seeded with osteoblasts. Microarray analysis demonstrated
that paracrine signaling between cancer cells and osteoblasts in two separate tissue
engineering constructs alter gene expression patterns associated with homing and col-
onization (such as S100A6) compared to mono-culture controls. As in vitro strategies
continue to evolve the inclusion of multiple cell types in a 3D culture system will be
critical for generating more robust niche platforms for study. Engineered biomaterial
models that use multiple cell types may allow for a more accurate mimic of the pre-
metastatic niche and may provide a platform to evaluate the cues critical for tumor
cell behavior decisions within the niche.
2.6 Translational opportunities for pre-metastatic niche mim-
ics
In this section, we demonstrate that implantable niches may serve as oncomate-
rials, defined as biomaterials that enable detection and/or treatment of cancer. The
27
juxtaposition of biomaterials and oncology principles to enable detection and treat-
ment of cancer metastasis may provide more effective therapies (Figure 2.6A, 2.6B).
In a clinical setting, the probability of a tumor spreading to target organs has been
shown to correlate with tumor size. Tumors less than 2 cm diameter have a lower
risk of metastasis, compared to tumors greater than 2 cm in diameter [101]. Detec-
tion strategies for metastasis are often limited to CT and MRI scans, and tumors
must be at least 1 cm in size to distinguish from surrounding tissue [101]. These size
limitations are particularly problematic for highly aggressive cancers such as pancre-
atic that disseminate at very early stages of the disease [102]. Technologies for the
early detection of metastatic disease combined with an early intervention prior to the
spread of metastatic tumor cells to solid organs provide an opportunity to improve
patient outcomes.
2.6.1 Materials for metastatic cell detection
The probability of patient survival increases with early detection of rare CTCs
in the blood [103], which has motivated the continued development of these tech-
nologies. Nanomaterial strategies have been employed to isolate and characterize
CTCs for developing personalized therapies for cancer patients [104]. The traditional
approach to developing personalized therapies is to analyze the genetic aberrations
of tumor biopsy samples from patients. As cancer progresses to metastasis, tumor
cells constantly evolve at a molecular level, and the turnover of tumor cell molecular
targets and emergence of therapeutic-resistant clones challenges the development of
personalized therapies. For these reasons, techniques to capture, characterize, and
culture CTCs are being developed to complement primary tumor biopsy analysis and
provide a more comprehensive study of tumor genomics for individual patients [104–
106]. CellSearch, an FDA approved, commercially available CTC enrichment system,
enables reliable detection of CTCs in blood samples from metastatic cancer patients
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[107]. Most notably, ex vivo culture of CTCs in conjunction with in vitro biomaterial
mimics of the pre-metastatic niche have facilitated the capture, culture, and study of
CTCs [108–110].
CTCs are isolated from blood, whereas cells found within the pre-metastatic niche
mimics have left the vasculature and may represent a distinct cell type with distinct
prognostic value. Despite advances in ex vivo CTC detection, CTCs captured in blood
samples may remain in the circulation for years, and may not be representative of
tumor cell populations capable of colonization [95, 105, 111]. Additionally, detection
of CTCs does not indicate that permissive niches for tumor cells to home, colonize
and proliferate exist. Recently, Azarin et al. reported biomaterial scaffolds for the
early detection of cancer metastasis [31]. Using an orthotopic mouse model of breast
cancer, micro-porous PLG scaffolds were implanted either subcutaneously or in the
intraperitoneal fat. Tumor cells populated the scaffolds prior to their colonization
at common organ sites (i.e. lung, liver, and brain). Interestingly, using inverse
spectroscopic optical coherence tomography (ISOCT) [112], unique microstructural
alterations were detected at the scaffold due to tumor cell arrival, allowing for a
non-invasive method of metastasizing tumor cell detection. The scaffold technology,
coupled with ISOCT or other imaging techniques, may enable a viable method for
early metastasis detection while overall metastatic tumor burden remains low (Figure
2.6C). In a future clinical setting, these scaffolds, either alone or modified with ECM
proteins or cytokine delivery, may provide a practical source of actively colonizing
tumor cells for phenotypic and genomic analyses of patient-specific metastatic tumor
cells and their heterogeneity.
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2.6.2 Early detection, early intervention, and metastatic cell capture can
enhance survival
Recently, implantable scaffolds have been shown to significantly impact survival
in mouse models of metastasis. For instance, micro-porous PCL scaffolds have re-
cently increased survival of immune competent mice inoculated with 4T1 metastatic
breast tumor cells [30]. The scaffold provides a site for early detection and acts as
a sink for metastatic tumor cells and pre-metastatic niche immune components. As
a result, the scaffold reduced the average tumor burden in the liver and brain. A
post-surgical model of breast cancer metastasis was used to investigate the impact of
the scaffold on survival. In this model the primary tumor was removed after the time
point where tumor cells were detectable in scaffolds. Results show 40% of scaffold-
implanted mice survived the tumor resection procedure past 200 days relative to sham
controls where survival did not exceed 30 days. The study suggested that increased
survival may result from a decreased burden of MDSCs present at the primary tumor
and spleen of scaffold-implanted mice (Figure 2.2D). Therefore, the study impli-
cates that biomaterials designed to reduce the overall generation of MDSCs during
metastatic disease progression or divert them to an ectopic location may impact sur-
vival. Similarly, exosome impregnated scaffolds drastically changed the pattern of
peritoneal ovarian cancer metastasis by redirecting the vast majority of tumor cells
to the implant (Figure 2.3B) [29], which resulted in a significant survival benefit
for mice that receive an implant versus those that did not (mean survival of 200 days
compared to 120 days). Additionally, removal of the implant after focalization of
much of the disease to the biomaterial further enhanced survival ( 310 days mean
survival). These studies have demonstrated that by taking advantage of the natural
biological cues that form the pre-metastatic niche in distant organs, vast numbers of
pre-metastatic niche forming cells and/or metastasizing cancer cells themselves can
be captured, which combined with a treatment can provide a substantial survival
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advantage.
2.6.3 Opportunities for metastasis detection platforms
Although recent evidence suggests pre-metastatic niche models enable early detec-
tion and treatment of metastatic disease, open questions remain regarding the efficacy
of these platforms when compared to other emerging metastasis detection technolo-
gies. Additional technologies for metastasis detection include exosome detection and
CTC enumeration Table 2.3. Both of these platforms are part of a larger initiative to
utilize liquid biopsies to gain more information about a patients disease state, evolv-
ing molecular features, and response to therapy. While liquid biopsies have shown
promise in these areas they also have distinct disadvantages that could potentially
be circumvented by pre-metastatic niche mimics. For example, exosome detection is
likely to be less sensitive than CTC detection due to exosome heterogeneity and the
presence of large numbers of exosomes in healthy patients [70, 113]. Similarly, the
presence of CTCs indicates the risk for metastasis but does not indicate that there are
permissive microenvironments in organs for these cells to home and colonize. These
considerations show specific advantages for the use of pre-metastatic niche mimics,
however, there are also potential issues associated with the clinical use of these de-
vices. The safety of creating a site for metastatic cells to home will be evaluated
in clinical trials, however current preclinical work has demonstrated reduced tumor
burden and enhanced survival associated with focalization of disease at an implant
[29–31].
In a clinical setting, the choice of material (Table 2.2) is critical for designing a
functional implantable device for recruiting and detecting metastatic cells. For exam-
ple, materials such as PLG are susceptible to hydrolytic degradation, thus limiting
the amount of time the material can remain in a patient. The scaffold should ideally
not degrade rapidly and maintain its structure for several months during the course
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of a patients treatment, given that metastasis may occur on a timescale from months
to years [114]. Polymer scaffold degradation is desired for many tissue engineering
applications where tissue growth eventually replaces the material, but degradation is
likely undesirable for long-term implantable metastasis detectors in patients. Non-
or semi-degradable materials could be used to fabricate implantable scaffolds less
susceptible to hydrolytic degradation [80]. The material must also elicit an appropri-
ate inflammatory response at the implant site in order to initiate the recruitment of
metastatic cells, and should be amenable to harvesting intact populations of tumor
cells for downstream analysis. Additionally, scaffold porosity increases the interior
surface area for blood vessel and immune cell infiltration, in order to provide tu-
mor cells access to the scaffold. In a future clinical setting, material selection will be
paramount for successful translation of pre-metastatic niche mimics as oncomaterials.
Thus far, no clinical trials have been initiated for the application of biomaterial
pre-metastatic niche mimics as devices to detect metastasis. Although several bioma-
terials utilized as pre-metastatic niche mimics are already FDA approved for use in
human patients (Table 2.2), limitations in imaging tumor cell arrival to the implant
remain. ISOCT is a practical approach for detecting the nanostructural alterations
due to tumor cell arrival [112], however, the penetration depth that is associated with
this optical technique will need to be enhanced for translation to a clinical setting.
Future iterations of pre-metastatic niche mimics may implement alternative methods
for tumor cell detection. Imaging technologies already available in the clinic such as
ultrasound may be implemented for tumor cell detection. In order for translation to
move forward, the safety of biomaterial devices in large animal and human subjects
needs to be assessed. Even though safety remains an open question, the future for
pre-metastatic niche mimics as oncomaterials remains promising, given the ability to
detect and treat metastasis at early stages of disease in pre-clinical studies.
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Platform Stage Safety Sensitivity Specificity Therapy Refs
Exosome detection Primary + - + - [83]
CTC detection Circulation + + + - [107,
115]
Biomaterial mimic Dissemination ? + ++ + [30,
31, 34,
42]
Table 2.3: Risks and opportunities of detection technologies for metastasis
Figure 2.5: Proposed detection strategy for metastatic breast cancer. (A)
Pre-metastatic niche oncomaterials may be designed from a variety of pa-
rameters, including the natural immune response to the implant, soluble
factor delivery, extracellular matrix, and cell delivery. Parameters may be
tuned depending on the cancer or the needs for a specific patient for de-
signing the most effective oncomaterial. (B) After removal of the primary
tumor, a biomaterial scaffold may be implanted subcutaneously, ideally
before metastasis occurs. (C) Regular imaging at check-ups may be per-
formed during the patients course of treatment. When using ISOCT, the
shape factor (D) may be used to quantify microstructural alterations at
the scaffold due to the arrival of metastatic tumor cells (scale bar = 200
µm). Illustrations courtesy of Katie Aguado.
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2.7 Opportunities and Conclusions
Pre-metastatic niche mimics offer the ability to identify and validate critical fac-
tors leading to metastatic cell colonization in an ectopic site. Roles of inflammatory
immune cells, secreted factors, ECM proteins, and delivered cells have been evaluated
using niche mimics to determine contributions to metastatic cell homing and colo-
nization. Furthermore, the capture of early metastatic cells at a pre-defined site may
enable early detection of metastatic cell dissemination. The development of novel
imaging modalities, or the engineering of probes to label colonizing tumor cells may
enable real-time tracking of tumor cells or vascular leakiness at the niche during the
evolution of the disease. This capture can reduce the burden of disease in solid organs,
and provides an extended window of time over which a therapeutic intervention may
improve outcomes. The use of oncomaterials supplemented with current therapeu-
tic strategies such as surgery and chemotherapy may serve as a disruptive technique
for combating metastasis. Extending beyond the concept of capturing tumor cells,
scaffolds may be bioengineered to capture and manipulate other types of circulating
niche components, including exosomes and immune cells that reflect disease (e.g.,
MDSCs). Furthermore, future work in the genetic profiling of captured metastatic
cells at implanted niches may lead to the identification of the types of cells arriving at
the scaffold (e.g. tumor stem cells, EpCAM+ cells), which may guide the discovery
of precision targets to treat metastasis based on the disease biology. In sum, the
successful integration of pre-metastatic niche components in biomaterials can enable
the discovery of novel cues leading to metastasis, as well as provide novel detection
and therapeutic strategies to combat disease progression.
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CHAPTER III
Therapeutic Benefit of Scaffold Implantation
3.1 Authors
Shreyas S Rao, Grace G Bushnell, Samira M Azarin, Graham Spicer, Brian A
Aguado, Jenna R Stoehr, Eric J Jiang, Vadim Backman, Lonnie D Shea, Jacqueline
S Jeruss
3.2 Contributions
I worked closely with Shreyas for the latter half of this study including validation of
early detection and ISOCT, reduction of tumor burden in liver and brain with scaffold
implantation, post-surgical survival model, and reduction of CD11b+Gr-1hiLy6C-
cells in the spleen and primary tumor of mice with scaffolds. Additionally, I performed
Gr-1 depletion and survival studies independently to confirm the role of CD11b+Gr-
1hiLy6C- myeloid derived suppressor cells in the survival benefit associated with
scaffold implantation.
3.3 Abstract
The onset of distant organ metastasis from primary breast cancer marks the tran-
sition to a stage IV diagnosis. Standard imaging modalities often detect distant
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metastasis when the burden of disease is high, underscoring the need for improved
methods of detection to allow for interventions that would impede disease progres-
sion. Here, micro-porous poly(ε-caprolactone) scaffolds were developed that capture
early metastatic cells and thus serve as a sentinel for early detection. These scaffolds
were used to characterize the dynamic immune response to the implant spanning the
acute and chronic foreign body response. The immune cell composition had stabilized
at the scaffold after approximately 1 month, and changed dramatically within days
to weeks after tumor inoculation, with CD11b+Gr1hiLy6C- cells having the greatest
increase in abundance. Implanted scaffolds recruited metastatic cancer cells that were
inoculated into the mammary fat pad in vivo, which also significantly reduced tumor
burden in the liver and brain. Additionally, cancer cells could be detected using a
label-free imaging modality termed inverse spectroscopic optical coherence tomogra-
phy, and we tested the hypothesis that subsequent removal of the primary tumor
after early detection would enhance survival. Surgical removal of the primary tumor
following cancer cell detection in the scaffold significantly improved disease-specific
survival. The enhanced disease-specific survival was associated with a systemic re-
duction in the CD11b+Gr1hiLy6C- cells as a consequence of the implant, which was
further supported by Gr-1 depletion studies. Implementation of the scaffold may pro-
vide diagnostic and therapeutic options for cancer patients in both the high-risk and
adjuvant treatment settings.
3.4 Introduction
The oncogenic progression of breast cancer from the primary tumor to distant
metastatic sites is the critical event that defines stage IV disease [5, 116, 117]. Cur-
rently, metastatic disease is detected through radiologic imaging modalities after the
burden of distant disease has become destructive to the host organ [118–120]. A lim-
itation to the development of life-preserving timely interventions is the striking lack
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of robust technologies capable of early detection of metastatic events. Additionally,
experimental model systems are needed that permit systematic screening and ex-
amination of factors contributing to breast cancer metastasis in a controlled setting.
Detection of circulating tumor cells (CTCs) is being pursued in both the experimental
and clinical settings. While promising [121, 122], the widespread use of CTC capture
is not without challenges, given the high biomarker sensitivity and specificity required
to capture a low number of circulating CTCs [123, 124]. Furthermore, CTCs may not
represent the population of cells capable of metastasis or these cells could circulate
for long periods before invading distant organs. The capacity to identify metastatic
cells or foci at the earliest possible time-point may permit the delivery of targeted
treatment interventions prior to the compromise of distant organs, potentially trans-
lating into prolonged distant metastasis free outcomes. Thus, there is an urgent need
for development of novel technologies to aid in the detection of metastatic events in
the nascent setting.
An emerging approach for early detection lies with the implantation of a bioma-
terial scaffold that can capture metastatic cells [31]. These scaffolds were modeled
after the concept of the pre-metastatic niche [8, 125], echoing Pagets seed and soil
hypothesis proposed over a century ago [4, 6, 51, 125, 126]. This paradigm proposes
that, prior to colonization by metastatic cells, supportive cells (e.g., fibroblasts, im-
mune cells, endothelial cells), soluble factors, and extracellular matrix (ECM) compo-
nents establish a microenvironment conducive to tumor cell homing and colonization
[4, 6, 51, 126, 127]. Importantly, these studies indicate that metastasis to specific
organs is not random, but is influenced by the properties of the local environment
[8, 125, 127]. The initial translation of these principals led to the development and im-
plementation of micro-porous poly(lactide-co-glycolide) (PLG) biomaterial scaffolds,
which recruited metastatic breast cancer cells through the local immune response
in vivo, resulting in decreased tumor burden at metastatic sites [31]. However, PLG
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scaffolds were degradable over time scales considered too short for clinical translation.
In this report, we developed micro-porous poly(ε-caprolactone) (PCL) scaffolds
with greater stability than the PLG scaffolds, to investigate the dynamic immune
response and cellular events associated with PCL-scaffold-mediated recruitment of
metastatic breast cancer cells. Specifically, utilizing PCL scaffolds in metastatic
breast cancer murine models we examined if (a) metastatic cells could be recruited
to the scaffold (b) metastatic cells could be detected in the scaffold at a nascent
stage, prior to cancer cell colonization of other major organs, using label-free imaging
modalities and (c) scaffold implantation could influence survival following detection
of cancer cells in the scaffold and then subsequent surgical removal of the primary
tumor. The favorable translational endpoints from these studies could lead to the in-
tegration of scaffold implants, fabricated using FDA approved materials, into breast
cancer disease management plans. Moreover, scaffolds could be recovered to exam-
ine the biology of metastatic tumor cells in conjunction with niche cells enabling the
development of patient-specific treatments.
3.5 Results
3.5.1 Micro-porous PCL scaffolds for in vivo recruitment of metastatic
cells
We developed micro-porous PCL scaffolds (Figure 3.1A, 5 mm diameter and 2
mm height) to create microenvironments in vivo and subsequently examine their abil-
ity to recruit metastatic tumor cells. The porous interconnected architecture of the
scaffold was confirmed using SEM imaging (Figure 3.1B). Micro-structural features
such as porosity, pore volume, and mechanical properties (i.e., elastic modulus) were
similar for PCL and previously reported PLG scaffolds [31] (Supplemental, Table
3.1). The ability of PCL scaffolds to persist and create a defined space in vivo was
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investigated by implantation into the subcutaneous dorsal space of BALB/c and NSG
mice. The subcutaneous site was selected for its accessibility and amenability to non-
invasive imaging. Furthermore, neither 4T1 nor MDA-MB-231BR breast cancer cells
typically metastasize to the subcutaneous space, thus the presence of cancer cells in
the metastatic site would likely be associated with the presence of the scaffold. PCL
scaffolds retrieved after 3 months experienced minimal degradation when compared
to day 0 as opposed to PLG scaffolds, which had previously been employed for in vivo
recruitment of tumor cells [31]. PLG scaffolds showed significant degradation over
this time period as quantified by scaffold area (i.e., 66% in NSG and 77% in BALB/c
mouse; Supplemental, Figure 3.8).
The dynamic immune response to the biomaterial implant was investigated through-
out the acute and chronic phases. Implantation of the PCL scaffold into healthy
BALB/c mice resulted in infiltration of CD45+ leukocytes by day 3. The number of
CD45+ leukocytes remained relatively unchanged after day 14 post scaffold implan-
tation (Figure 3.1C). However, the relative distribution of leukocyte populations
examined, including innate and adaptive immune cells, changed dynamically follow-
ing scaffold implantation. The percentage of inflammatory monocytes, identified as
Ly6C+F4/80- cells, decreased after day 3 and remained relatively stable at later time
points, whereas the percentage of dendritic cells, identified as CD11c+F4/80-, in-
creased after day 3 and remained stable at later time points (Figure 3.1D). These
two cell populations constituted the majority of cells (i.e., approx 65%) observed at
the PCL scaffold at later time points. The percentage of macrophages, identified as
CD11b+F4/80+ cells, significantly increased through day 14 (e.g., 8.8% at day 14
vs. 1.7% at day 3, Figure 3.1D, p <0.05) and then returned to levels observed at
day 3 (e.g., 1.4% at day 60, Figure 3.1D, p = 0.99 compared to day 3). In contrast,
the levels of CD11b+Gr-1hiLy6C- cells remained low at all time points examined at
0.15% (Figure 3.1D). In the adaptive immune cell population, the percentage of
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CD4+ helper T cells and CD8+ cytotoxic T cells significantly increased over time
(e.g., 1% at day 3 to 9% at day 60 for CD4+ and 1.2% at day 3 to 3% at day 60
for CD8+ respectively, Figure 3.1D, p <0.05). The percentage of B cells, identified
as CD19+, and natural killer (NK) cells, identified as CD49b+, increased post day 3
and returned to day 3 levels at later time points (i.e., day 30 and 60; Figure 3.1D).
Importantly, the relative percentages of leukocyte subpopulations were similar be-
tween day 30 and day 60 post scaffold implantation in BALB/c mice (Figure 3.1D).
This trend was also observed in NSG mice (Supplemental, Figure 3.9). Based on
the stabilization of cell populations after day 30, we utilized day 30 as a time point
representing the chronic response to a scaffold implant in all following experiments.
We subsequently examined the recruitment of metastatic cells to a chronically
implanted microporous scaffold (i.e., a scaffold that had been implanted for 30 days
prior to tumor inoculation, a time corresponding to the chronic phase of the immune
response). Flow cytometry and fluorescence imaging (Figure 3.2) performed for
scaffolds retrieved at day 15 post tumor inoculation demonstrated the presence of
mouse 4T1 tumor cells in the scaffold, indicating that the local microenvironment
enabled recruitment of tumor cells. Total cell infiltration was significantly greater
within PCL scaffolds compared to PLG scaffolds (i.e., approximately 6e5 cells in the
PCL scaffold vs. approximately 1e5 cells in the PLG scaffold, p <0.0001, Figure
3.2A) and a similar trend was observed for tumor cell recruitment (Figure 3.2B, p
<0.01). Scaffolds were also able to recruit human MDA-MB-231BR cells in NSG mice
(Supplemental, Figure 3.11), indicating that such a system enabled recruitment
of mouse and human breast cancer cells in the context of both immune competent
and immune compromised mouse models, respectively.
Following tumor inoculation, the dynamics of immune cell populations at the PCL
scaffold was subsequently characterized, as tumor cells are known to influence the re-
cruitment of immune cells from the bone marrow (25). Flow cytometric analysis indi-
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Figure 3.1: Physical characteristics and dynamic immune cell response fol-
lowing implantation of micro-porous PCL scaffolds into the dor-
sal subcutaneous space of a BALB/c mouse. Photomicrograph (A)
and scanning electron micrograph (B) of a microporous PCL scaffold.
SEM image shows the interconnected porous structure. (C) CD45+ leuko-
cyte numbers and (D) Dynamics of CD11b+F4/80+, CD11c+F4/80-
, CD11b+Gr-1hiLy6C-, Ly6C+F4/80-, CD4+, CD8+, CD19+, and
CD49b+ immune cell populations expressed as a percentage of live
CD45+ leukocytes at day 3, 7, 14, 30, and 60 post PCL scaffold im-
plantation (N = 6 for each time point examined, *p <0.05 compared to
day 3 as determined by the Tukey-HSD test post ANOVA). Error bars
denote s.e.m.
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Figure 3.2: Micro-porous scaffolds implanted for 30 days prior to tumor in-
oculation recruit metastatic cells. Number of (A) total cells and (B)
tumor cells (tdTomato+ cells) isolated from micro-porous PLG and PCL
scaffolds at day 15 post tumor inoculation analyzed via flow cytometry (N
= 10, *p <0.01 as determined by t-test for analysis of total cell numbers
and Wilcoxon rank-sum test for tumor cell numbers). Fluorescence image
of a PCL scaffold section shows the presence of a tumor cell (indicated by
white arrow) as identified using tdTomato (C) and DAPI (D) fluorescence
and their co-localization (E). Scale bar indicates 20 m. Error bars denote
s.e.m.
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cated an increase in Ly6C+F4/80- and CD11b+Gr-1hiLy6C- cells at the PCL scaffold
site (Figure 3.3C and 3.3D, p <0.0005). For example, the numbers of CD11b+Gr-
1hiLy6C- cells increased from 0.1% at day 0 to 17% at day 21 post tumor inoculation
(p <0.05), an increase of two orders of magnitude relative to their numbers at the
PCL scaffold site in tumor-free BALB/c mice (Figure 3.1D, Figure 3.3C). Both
cell types have been implicated in the pre-metastatic niche [15, 16, 19, 51, 128]. In
contrast, the percentages of CD11b+F4/80+ macrophages, CD11c+F4/80- dendritic
cells, and CD8+ cytotoxic T cells decreased at the PCL scaffold site (Figure 3.3A,
3.3C, 3.3F, e.g., 30% at day 0 vs. 14% at day 21 for dendritic cells, p <0.05). The
percentage of CD19+ B cells, CD49b+ NK cells, and CD4+ helper T cells increased
at day 3 and then decreased at later time points (Figure 3.3G, 3.3H, 3.3E). Specif-
ically, NK cells increased from 4% at day 0 to 8% at day 3, followed by a decrease to
2.5% at day 21 post tumor inoculation (Figure 3.3H, p <0.05). Interestingly, the
immune cell dynamics at the PCL scaffold site reflected the dynamics observed in
the spleen post tumor inoculation (Figure 3.3 vs. Supplemental, Figure 3.10).
In summary, the changing immune microenvironment at the PCL scaffold site post
tumor inoculation correlated with recruitment of 4T1 tumor cells, and is consistent
with prior literature reports on the role of the immune cells in the pre-metastatic
niche [10, 15, 16, 19, 51, 128, 129].
3.5.2 Early detection of metastatic cells at the PCL scaffold
The ability to detect the presence of metastatic disease at an early stage was
examined through evaluation of the percentage of tumor cells in the PCL scaffold
relative to the cancer cells detected in typical metastatic sites such as the lung, liver,
and brain, at day 5 post tumor inoculation. Flow cytometry analysis revealed that
the PCL scaffolds had a detectable percentage of tumor cells (i.e., 0.005 +/- 0.002%)
compared to the lung, liver, and the brain, none of which had detectable tumor cells
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Figure 3.3: Tumor progression influences dynamics of leukocyte popula-
tions at the PCL scaffold. Percentage of (A) CD11b+F4/80+ (B)
CD11c+F4/80- (C) Gr-1hiCD11b+Ly6C- (D) Ly6C+F4/80- innate im-
mune cell populations and percentage of (E) CD4+ (F) CD8+ (G) CD19+
and (H) CD49b+ adaptive immune cell populations in the total popula-
tion of live CD45+ leukocytes at day 0, 3, 7, 14, and 21 post tumor
inoculation (N = 8 for each time point examined, p <0.05 compared to
day 0 and p <0.05 compared to day 3 as determined by Tukey-HSD test
post ANOVA). Error bars denote s.e.m.
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(Figure 3.4A and 3.4B; N = 5 for lung, liver, and brain, N = 10 for PCL scaffolds,
p <0.05, Fishers exact test). The greater density of tumor cells observed at the PCL
scaffold site compared to other organ sites supports the use of this tool for detecting
metastatic disease at a nascent stage.
We subsequently investigated the feasibility of using a label-free imaging tech-
nique: inverse spectroscopic optical coherence tomography (ISOCT), for the early
detection of metastatic disease in a chronic model of scaffold implantation. The tis-
sue was modeled as a continuous random refractive index distribution, which enabled
the refractive index correlation function shape factor D to be computed from the
shape of the backscattering intensity spectrum obtained with ISOCT [130]. If D has
a value between 0 and 3, it has a physical meaning of a mass fractal dimension, re-
flecting a more clumped structure associated with higher D. Prior studies of early
carcinogenesis with ISOCT and a similar spectroscopic technique, low-coherence en-
hanced backscattering spectroscopy (LEBS), have revealed that D measured from
tissue increases with cancer progression [130–132]. Thus, similar ultra-structural tis-
sue modifications occurring in the pre-metastatic niche are likely to have an analogous
effect on D. D has previously been reported to reflect mass-density distribution fea-
tures at length scales of 35-350 nm [130]. In addition, D values from tissue have
been demonstrated as a robust biomarker of early-stage carcinogenesis [130]. Consis-
tent with these observations and data obtained via flow cytometric analysis (Figure
3.4A and 3.4B), a significant increase was observed in average D values obtained
from ISOCT measurements at the PCL scaffold site in tumor bearing mice (N =
7) compared to tumor free mice (N = 8; p <0.05, Figure 3.4C), confirming ultra-
structural alterations to the scaffold and further indicative of the presence of tumor
cells. The color map overlay of D values (Figure 3.4D and 3.4E) demonstrated
the distribution throughout the scaffold. These results suggest that ISOCT could be
employed for early detection of metastatic disease at the PCL scaffold.
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Figure 3.4: Micro-porous PCL scaffolds enable early detection of metastatic
cells in a chronic model of scaffold implantation. (A) Number of
mice with detectable tumor cells analyzed by flow cytometry in the lung,
liver, and brain in a group of 5 mice at day 5 post tumor inoculation (N
= 5 for lung, brain, and liver; N = 10 for PCL scaffolds, *p <0.05 as
determined using the Fishers exact test). (B) Percentage of tdTomato+
tumor cells isolated from the PCL scaffold at day 5 post tumor inocula-
tion analyzed via flow cytometry. (C) Average D value for PCL scaffolds
isolated from tumor free and tumor bearing mice. Scaffolds from tumor
bearing mice were isolated at day 5 post tumor inoculation. (N = 14
scaffolds for tumor free and N = 16 scaffolds for tumor bearing mice, *p
<0.05 as determined using the Wilcoxon rank-sum test). Representative
three dimensional maps of D generated via ISOCT analysis of PCL scaf-
folds in tumor free (D) and tumor bearing mice (E). Scale bars indicate
200 m. Error bars denote s.e.m.
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3.5.3 PCL scaffold implantation reduces tumor burden and improves
disease-specific survival
We subsequently investigated the hypothesis that the recruitment of metastatic
cells to the chronically implanted PCL scaffolds may reduce the tumor burden at
typical metastatic sites, such as the liver, brain, and the lung at day 15 post tumor
inoculation. Flow cytometry analysis indicated that the percentage of tumor cells
in the liver and the brain was reduced in mice receiving a PCL scaffold versus mice
undergoing a mock surgery. As stated, the tumor burden was reduced by 64% for
the liver (Figure 3.5A, N = 15, p <0.05) and 75% for the brain (Figure 3.5B, N
= 8 for mock surgery, N = 6 for scaffold implant, p <0.05 as determined using the
Wilcoxon rank-sum test in both cases). However, in this immunocompetent mouse
model, a reduction in the tumor burden in the lung was not observed (Figure 3.5C,
N = 11, p = 0.7) distinct from our previous observations in an immune compromised
NSG mouse inoculated with human MDA-MB-231BR cells [31].
A post-surgical model of breast cancer metastasis was then applied to investigate
the potential for PCL scaffold implants to influence survival. In this model, the
primary tumor was resected at day 6 (Supplemental, Figure 3.12) or 10 (Figure
3.6A) post tumor inoculation, which corresponded to a time after which cancer cells
were detectable in the scaffold by label-free imaging (i.e., day 5, Figure 3.4). The
resected tumor weights were comparable for both groups, with tumors from the mock
surgery group weighing 0.423 +/- 0.035 g versus tumors from scaffold implanted mice
weighing 0.419 +/- 0.029 g at day 10 post inoculation (p = 0.93, t-test, Figure 3.6B).
Kaplan-Meier survival analysis demonstrated a significant improvement in survival in
mice receiving a PCL scaffold implant compared to mice receiving a mock surgery
with resection at day 10 (Figure 3.6C, N = 7 per group, p <0.05, Log-rank test).
The sacrifice end-points utilized for mice in both groups for data corresponding to
Figure 3.6 are described in Supplemental, Table 3.2. With resection at day 6
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Figure 3.5: Recruitment of 4T1 tumor cells to the PCL scaffold site reduces
tumor burden in metastatic sites such as the liver and brain
in a chronic model of scaffold implantation in BALB/c mice.
Normalized average tumor burden in the (A) liver, (B) brain, and the
(C) lung for the scaffold and mock surgery groups. The average burden
in the mock group was set to 1 (N = 6 for each group, * p <0.05 compared
to mock surgery as determined by the Wilcoxon rank-sum test). Tumor
burden in the lung was identical in both groups. Error bars denote s.e.m.
post tumor inoculation, 40% of both mock and scaffold groups survived indefinitely
(Supplemental, Figure 3.13) mirroring the 40% survival in the scaffold group with
day 10 resection (Figure 3.6C), indicating that the scaffold increased the time over
which a therapeutic intervention such as surgery can be performed and provide a
survival benefit.
Given the greatest increase in the abundance of CD11b+Gr-1hiLy6C- cells (2
orders of magnitude change) at the PCL scaffold site post tumor inoculation, we
hypothesized that the increased survival with scaffold implantation may reflect a
differential distribution of CD11b+Gr-1hiLy6C- cells at the primary tumor (local)
and the spleen (systemic). Flow cytometric analysis indicated that the abundance
of CD11b+Gr-1hiLy6C- cells was reduced in mice receiving a scaffold implant versus
mice receiving a mock surgery examined at day 10 post tumor inoculation. The bur-
den of CD11b+Gr-1hiLy6C- cells was reduced by 39% in the primary tumor (Figure
3.7A) and 30% in the spleen (Figure 3.7B, N >7, p <0.05 as determined by t-test
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Figure 3.6: Micro-porous PCL scaffolds improve survival in a post-surgical
model of breast cancer metastasis. (A) Schematic of experimental
design to examine the influence of scaffold implant on survival (B) Aver-
age resected tumor weights for mock and scaffold group were identical, p
= 0.93, t-test) (C) Kaplan-Meier survival curve for mice undergoing mock
surgery versus mice receiving a scaffold implant (N = 7 for each group, *p
<0.05 as determined using the Log rank test). Error bars denote s.e.m.
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Figure 3.7: Micro-porous PCL scaffolds reduce burden of CD11b+Gr-
1hiLy6C- cells in the (A) primary tumor and the (B) spleen in BALB/c
mice. The percentage of CD11b+ Gr-1hi Ly6C- cells in the CD45+ leuko-
cyte population was examined at day 10 post tumor inoculation via flow
cytometry and is reported as normalized burden. (N = 7 for mock surgery;
N = 8 for scaffold implant, *p <0.05 as determined using t-test). (C)
Anti-Gr-1 depletion of CD11b+Gr-1hiLy6C- cells enhances survival in
both mock and scaffold groups and diminishes the survival advantage ob-
served for PCL implanted mice (N = 4 per group). Error bars denote
s.e.m.
in both cases). This result suggests that, in part, presence of the scaffold contributes
to a reduction in the abundance of key niche cells locally (i.e., primary tumor site)
and systemically (i.e., spleen) that support metastasis. This observation was further
investigated via Gr-1 antibody depletion of CD11b+Gr-1hiLy6C- cells in vivo, which
was performed in the context of surgical resection (Supplemental, Figure 3.13).
Mice receiving a mock surgery with Gr-1 depletion demonstrated survival greater than
20% by day 40 (Figure 3.7C), with no survival observed at this time without Gr-1
depletion (Figure 3.6C). Furthermore, with Gr-1 depletion, the observed difference
in survival between mock and scaffold groups was not statistically significant (Figure
3.7C), further supporting the involvement of CD11b+Gr-1hiLy6C- cells in improv-
ing disease-specific survival in our model. Taken together, these results highlight the
potential for PCL scaffold in improving disease-specific survival outcomes.
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3.6 Discussion
In this study, micro-porous PCL scaffolds, implanted prior to tumor initiation,
recruited metastatic cells at an early time-point in disease progression. The novel
approach to this work was based on recapitulating some of the immunological as-
pects of the pre-metastatic niche, while prior reports have focused on materials to
mimic properties of target organs (e.g., bone [33, 133], bone marrow [41]). Previous
elegant studies of the pre-metastatic niche have identified some of the biological cues
involved in cancer cell recruitment, such as the cellular components (e.g., hematopoi-
etic and endothelial progenitor cells, immune cells), soluble factors (e.g., cytokines,
chemokines), and ECM proteins [4, 6, 51, 125, 126]. Importantly, as indicated by
Lyden [125, 127], the existence of the pre-metastatic niche implies that metastasis to
a particular site is not random, but is predetermined, which supports the idea that a
site could be engineered to attract metastatic cells. A synthetic scaffold provides an
opportunity to create a defined environment to investigate the role of specific compo-
nents involved in the colonization of metastatic cells. Scaffolds can be modified with
specific niche components, such as stromal cells, ECM molecules, and cytokines to
identify the key signals in the metastatic environment [27, 134], thereby providing a
tool with which to advance fundamental studies of the pre-metastatic niche and tu-
mor metastasis. Herein, the scaffold defines a site for immune cell infiltration, and we
characterize the dynamic immune response associated with cancer cell recruitment.
The immune cell populations at the PCL scaffold, which had stabilized prior to
tumor inoculation, were substantially altered post-tumor inoculation, suggesting that
the changing foreign body response to the implant may contribute to metastatic cell
recruitment. Immune cells are recognized as significant to the pre-metastatic niche
[10, 15, 16, 19, 51, 128, 129]. As such, chemokine CCL-2 recruits inflammatory mono-
cytes (Ly6C+F4/80- cells) to the pre-metastatic niche enabling metastasis of breast
cancer cells [15]. Similarly, CD11b+Gr-1hiLy6C- cells are recruited via inflammatory
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chemoattractants (e.g., S100A8 and S100A9) to pre-metastatic niches [135]. In addi-
tion, CD11b+Gr-1hiLy6C- cells are known to downregulate infiltration and suppress
the function of T cells (CD4+ and CD8+ T cells) and NK cells [135–138]. Consis-
tent with these observations, we found an increase in the levels of monocytes and
CD11b+Gr-1hiLy6C- cells at the scaffold site post tumor inoculation and an associ-
ated decrease in the abundance of CD4+ T cells, CD8+ T cells, and CD49b+ NK
cells, with the greatest change observed for CD11b+Gr-1hiLy6C- cells (i.e., more
than two orders of magnitude). Importantly, the changing immune composition as
a consequence of disease progression observed in the spleen largely reflected the dy-
namics at the scaffold site. Taken together, these results suggest that engineering
a local microenvironment may be used to identify and modulate key components of
cancer-associated immunogenicity in the pre-metastatic niche.
The implantation of PCL scaffolds enhanced disease-specific survival, which we
hypothesized to be related to the decreased tumor burden in major organ sites and
a reduction in systemic availability of key immune cells that support metastasis.
The implantation of PCL scaffolds in the subcutaneous space reduced tumor burden
in major organ sites (i.e., liver and brain) in an immunocompetent mouse model.
We previously reported a reduction in burden in the lung in an immunocompromised
mouse model using PLG scaffolds implanted in the intraperitoneal fat pad after tumor
inoculation [31]. The results of the current study extend our previous observation and
importantly suggest that a scaffold-based approach can contribute to the reduction
in disease burden in solid organs in both immunocompetent and compromised mouse
models and when implanted at different sites. Metastatic cells could be detected
within chronically implanted PCL scaffolds by day 5 following tumor inoculation using
ISOCT imaging, which allowed for label free detection of metastasis through changes
in the tissue ultrastructure (e.g., matrix organization) and the presence of cancer cells
that have a distinct nano-scale signature relative to normal cells [130]. In order to
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employ ISOCT analysis for diagnostic screening of early metastasis, ultrastructural
parameters measured with ISOCT (D, correlation length Ln, and refractive index
fluctuation Bn), which independently change in the presence of carcinogenic tissue
modification, would need to be investigated to establish a multivariate diagnostic for
patients with metastatic disease.
The resection of the primary tumor at day 10 post tumor inoculation resulted in
increased survival in mice that received a scaffold. The increased survival may result
from a decreased burden of CD11b+Gr-1hiLy6C- cells observed locally at the primary
tumor and systemically in the spleen of a scaffold-bearing mouse when compared to
a mouse that received a mock surgery. Gr-1 depletion studies further supported this
observation, as mice receiving a mock surgery survive longer in the context of Gr-1
depletion, and the difference between mock and scaffold groups was abrogated with
Gr-1 depletion. As stated, CD11b+Gr-1hiLy6C- cells or myeloid derived suppressor
cells (MDSCs) have been implicated in the pre-metastatic niche and the reduced
abundance of these cells systemically may contribute to the reduced burden in solid
organs and ultimately, to enhanced survival [134, 139, 140]. Finally, MDSCs have
been identified in high numbers in patients with metastatic disease, correlating with
clinical stage and metastatic disease burden and their levels are predictive of overall
survival [141–143]. Thus, a scaffold-based approach that reduces the abundance of
MDSCs could, in part, explain the survival benefit observed in our studies. Taken
together, the ability to detect metastatic disease at an early stage, in combination with
the survival benefit provided by the scaffold highlight the potential for this technology
in transforming the current detection and management of metastatic disease.
The recruitment of metastatic cells to the scaffold, combined with label-free imag-
ing for detection of nascent stage metastatic cells, and reduced burden of disease in
solid organs (i.e., liver and brain), may ultimately allow for interventions when the
disease burden is low that could translate to improved disease-specific outcomes. In
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the clinical setting, the scaffold may be integrated into disease management plans by
potentially serving as a sentinel site for detection of disease metastasis or recurrence.
For example, the scaffold could be implanted in patients with a diagnosis of invasive
cancer at the completion of adjuvant therapy, and monitored during scheduled follow-
up visits using the optical imaging technique. If metastatic or recurrent disease was
then detected, the scaffold could be explanted for cell retrieval and analysis to help
guide targeted treatment decisions. Furthermore, in the setting of metastatic disease,
given the potential survival benefit of the presence of the scaffold, patients may have
extended disease-specific survival with excision of the primary tumor and scaffold
implantation long-term. Finally, the scaffold may be implanted prophylactically to
help detect early onset metastatic disease in high-risk patients.
Our results provide the first evidence that a scaffold for capture and detection of
early metastatic cells, combined with an intervention shortly after detection of early
metastasis (i.e., primary tumor excision) can enhance survival. This biomaterial
approach is based on the host response to an implanted scaffold, thereby avoiding the
presence of potentially deleterious cellular or biological components. PCL material
is currently FDA approved for applications such as drug delivery, suture material,
and wound dressings, which may facilitate translation to the clinic for the capture
of metastatic cells [144]. Also, this material is biodegradable and would not need to
be retrieved unless cancer cells are detected; and the degradation rate is relatively
slow allowing the implant to be monitored for up to two years within a patient [145,
146]. Clinical studies would be necessary to appropriately integrate metastatic cell-
capturing scaffolds into existing breast cancer management plans. Taken together,
the results of this work showing prolonged survival with scaffold implantation, hold
promise for reducing breast cancer morbidity and mortality.
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3.7 Materials and Methods
3.7.1 Fabrication, characterization, and implantation of micro-porous scaf-
folds
Scaffold Fabrication and Characterization
For preparation of microporous PCL scaffolds, PCL microspheres were first pre-
pared by emulsifying a 6% (w/w) solution of PCL (Lactel Absorbable Polymers,
Birmingham, AL; Inherent viscosity = 0.65-0.85 dL/g) in dichloromethane in a 10%
poly(vinyl alcohol) solution followed by homogenization at 10,000 rpm for 1 min. The
solution was then stirred for 3 h. Microspheres were collected by centrifugation and
washed at least 5 times in deionized water, followed by lyophilization for 48 h. To pre-
pare micro-porous PCL scaffolds, PCL microspheres and salt particles (size range 250
425 m) were mixed in a 1:30 (w/w) ratio and pressed at 1500 psi in a steel die for 45 s.
Polymer-salt discs were heated at 60 C for 5 min on each side, followed by foaming in
high pressure CO2 at 800 psi for 24 h. Salt particles were removed by immersing discs
in water. For experimental studies, scaffolds were sterilized using 70% ethanol, rinsed
with sterile water, and dried on a sterile gauze pad. Microporous PLG scaffolds were
prepared as described previously [147]. Scaffolds were characterized using mechanical
testing, scanning electron microscopy, and calculation of porosity.
Scaffold Implantation
Microporous scaffolds were implanted in the subcutaneous space of either female
BALB/c or NOD/SCID-IL2R-/- (NSG) mice (8-10 week old). All animal studies
were performed in accordance with institutional guidelines and protocols approved
by Northwestern University and the University of Michigan Institutional Animal Care
and Use Committee. NSG mice were bred in house or purchased from the Jackson
laboratory. BALB/c mice were purchased from the Jackson laboratory. For the
implantation procedure, mice were anesthetized with an intraperitoneal injection of
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Ketamine (10 mg/kg) and Xylazine (5 mg/kg). The upper back was shaved and
prepped using a betadine swab followed by an ethanol swab (3X). An incision was
made in the upper back and a subcutaneous pocket was created on each side, into
which the scaffolds were inserted (2 scaffolds per mouse). The skin was closed using
wound clips (Reflex 7mm, Roboz Surgical Instrument Co.) and surgical glue (3M
Vetbond Tissue Adhesive).
3.7.2 Tumor inoculation
Orthotopic tumor inoculation was performed one month after scaffold implan-
tation. MDA-MB-231BR-tdTomato-luc2 cells were obtained from the Northwestern
University Developmental Therapeutics Core and authenticated by short tandem re-
peat DNA analysis and comparison to the ATCC STR profile database in 2013 (DDC
Medical). 4T1-luc2-tdTomato cells were obtained from Perkin Elmer in 2014 and were
used directly without additional authentication. 2 106 4T1-luc2-tdTomato (Perkin
Elmer) or MDA-MB-231BR-tdTomato-luc2 cells in 50 L sterile phosphate buffer saline
(PBS) (Life Technologies) were injected into the fourth right mammary fat pad of
12-14 week old female BALB/c or NSG mice.
3.7.3 Flow cytometry
Mice were euthanized at indicated times and retrieved scaffolds and organs were
processed according to previously established procedures [31]. Flow cytometry stain-
ing and analysis were performed according to established procedures [31].
3.7.4 Scaffold sectioning and fluorescence imaging
Scaffolds retrieved from mice were rinsed in PBS and then immediately flash frozen
in pre-chilled isopentane. Frozen scaffolds were then embedded in optimal cutting
temperature (OCT; Cardinal Health) compound with 30% sucrose and sectioned using
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a cryostat (Microm HM 525; Microm International) at 14 m. Scaffold sections were
stored at -20 C until imaging. Cryosections were air-dried at room temperature for
30 min, fixed with 10% neutral buffered formalin, washed with tap water for 5 min,
DI water for 10 min (2X) and cover slipped with ProLong Gold antifade aqueous
mounting medium containing DAPI (Molecular Probes, Grand Island, NY). DAPI
fluorescence was visualized using an excitation wavelength of 358 nm, and tdTomato
fluorescence in cancer cells was visualized using an excitation wavelength of 532 nm.
Images were viewed using an Olympus BX43 microscope and an Olympus DP72
digital camera with CellSens Entry software (Olympus) used for image capture and
co-localization.
3.7.5 ISOCT imaging and analysis
ISOCT imaging and analysis was performed as described elsewhere [31, 112, 130,
148].
3.7.6 Post-surgical model of breast cancer metastasis and Gr-1 depletion
The influence of scaffold implant on survival was investigated using a post-surgical
model of breast cancer metastasis. In this model, the 4T1 primary tumor was resected
6 or 10 days post tumor inoculation. Briefly, the primary tumor area was prepped
using a betadine swab followed by an ethanol swab (3X). An incision was made
along the right side of the lower half of the dorsal skin exposing the primary tumor.
The tumor was picked up using needle nose-forceps and cut around the base using
curved tip scissors. The skin was closed using MONOCRYL (poliglecaprone 25) suture
(Ethicon, Inc.) and surgical glue (3M Vetbond Tissue Adhesive). Animal health was
monitored daily after the procedure for activity and responsiveness including posture,
mobility, body weight, grooming behavior, and respiratory conditions. Animals were
euthanized if found in a moribund condition as an experimental endpoint. Mice
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Scaffold
Type
Elastic Modu-
lus (KPa)
Porosity (%) Pore Volume
(mm3)
PLG 1004 +/- 112 96.7 +/- 0.001 38.1 +/- 0.04
PCL 664 +/- 97 94.7 +/- 0.005 37.2 +/- 0.18
Table 3.1: Characterization of micro-porous PLG and PCL scaffolds (N =
10)
that evidenced primary tumor re-growth were excluded from the analysis to avoid
confounding effects arising from the primary tumor. For Gr-1 depletion studies,
resection was performed at day 10 as described above and mice received 300 g anti-
Gr-1 (clone RB6-8C5, Bio X Cell) via intraperitoneal injection at day 13 and 17 post
tumor inoculation.
3.7.7 Data analysis
Data are presented as mean +/- standard error (s.e.m.). Animal studies were
performed with at least two independent replicates of 48 female 812-week-old mice
per group with random assignment. Multiple comparisons were performed using one-
way ANOVA. Comparisons post ANOVA was performed using the Tukey-HSD test.
For data that did not follow a normal distribution, comparison was performed using
the non-parametric Wilcoxon rank-sum test. For comparing the relative number of
mice containing detectable tumor cells in organs with scaffolds, a Fishers exact test
was used to determine the p-value. Statistical analysis was performed using JMP
Software (JMP Pro 11). For survival analysis, Kaplan-Meier curve was generated and
statistical analysis was performed using a Log-rank test using Sigma Plot (Version
13).
3.8 Supplementary Figures
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Figure 3.8: Micro-porous PCL scaffolds persist and maintain a space for ex-
tended times in vivo. (A) Representative photomicrographs of micro-
porous PLG and PCL scaffolds retrieved from tumor free BALB/c mice
at day 98 post scaffold implantation. Average scaffold area at day 0 ver-
sus day 98 for PLG and PCL scaffolds when tested in a BALB/c (B)
and NSG (C) mouse model. N = 4; *p <0.0001 compared to day 0 for
PLG scaffolds in BALB/c and NSG mouse; p = 0.22 compared to day 0
for PCL scaffolds in BALB/c mouse and p = 0.7 compared to day 0 for
PCL scaffolds in NSG mouse as determined by t-test. Scaffold area was
calculated using dimensions obtained from images of scaffolds taken at
day 0 and day 98 post implantation using Image J software. Error bars
denote s.e.m.
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Figure 3.9: Host response following implantation of micro-porous PCL scaf-
folds in the dorsal subcutaneous space of an NSG mouse in vivo.
(A) CD45+ leukocyte numbers and (B) Dynamics of CD11b+F4/80+,
CD11c+F4/80-, CD11b+Gr-1hiLy6C-, and Ly6C+F4/80- populations
expressed as a percentage of live CD45+ leukocytes at day 30 and day
60 post PCL scaffold implantation (N = 8 for each time point examined,
*p <0.05 compared to day 30 as determined by t-test). The relative dis-
tribution of immune cell populations was nearly identical between day 30
and day 60 post scaffold implantation. Error bars denote s.e.m.
Reason for sacrifice Mock Scaffold
Hunched posture, bad grooming, and
lethargy
2/7 1/7
Labored breathing 3/7 -
Hind limb paralysis 1/7 1/7
Forelimb paralysis - 1/7
Cause unknown - mouse found dead 1/7 1/7
Experiment terminated – mice were
healthy, no signs of disease observed
- 3/7
Table 3.2: Sacrifice and endpoints observed in the post-surgical model in
mock and scaffold groups
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Figure 3.10: Dynamics of immune cell populations in the spleen of BALB/c
mice with a PCL scaffold implant at day 0, 5, 10, and 15
post tumor inoculation. Percentage of (A) CD11b+F4/80+ (B)
CD11c+F4/80- (C) CD11b+Gr-1hiLy6C- (D) Ly6C+F4/80- innate im-
mune cell populations and percentage of (E) CD4+ (F) CD8+ (G)
CD19+ and (H) CD49b+ adaptive immune cell populations in the total
population of live CD45+ leukocytes. (N >5 for each time point exam-
ined, *p <0.05 compared to day 0 and #p <0.05 compared to day 5 as
determined by Tukey-HSD test post ANOVA). Error bars denote s.e.m.
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Figure 3.11: Micro-porous PCL scaffolds enable recruitment of human
MDA-MD-231BR cells in a chronic model of scaffold implan-
tation. (A) Total cell infiltration and (B) Tumor cell infiltration in
PLG and PCL micro-porous scaffolds. Scaffolds were retrieved at day
15 post tumor inoculation, which was performed 1 month post scaffold
implantation (N = 10 for each group, *p <0.05 as determined by t-test
for analysis of total cell numbers and Wilcoxon rank-sum test for tumor
cell numbers). Error bars denote s.e.m.
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Figure 3.12: Micro-porous PCL scaffolds do not significantly improve sur-
vival in a post-surgical model of breast cancer metastasis with
day 6 post tumor inoculation resection. (N >5 for each group).
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Figure 3.13: Anti-Gr-1 depletion significantly reduces the presence of
CD11b+Gr-1hiLy6C- MDSCs in the spleen (A) primary tumor
(B) and scaffold (C). The percentage of CD11b+Gr-1hiLy6C- cells in
the CD45+ leukocyte population was examined via flow cytometry at
day 15 post tumor inoculation after three 300 g antibody injections (day
5, 9, 13) (N=5 for spleen and primary tumor, N = 10 for scaffolds, per-
formed in one experiment *p<0.05 as determined using t-test.) Error
bars denote s.e.m.
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CHAPTER IV
Scaffold Immunomodulation as a Platform to
Probe the Pre-Metastatic Niche
4.1 Authors
Grace G Bushnell, Shreyas S Rao, Rachel M Hartfield, Yining Zhang, Robert S
Oakes, Jacqueline S Jeruss, Lonnie D Shea
4.2 Abstract
Metastasis is responsible for the vast majority of cancer associated deaths. The
formation of metastasis is directly preceded by the formation of a hospitable microen-
vironment supportive of metastasis known as the pre-metastatic niche. The study of
the pre-metastatic niche has been significantly hampered by the stochasticity of its
formation in natural organs. Implantable biomaterials have emerged as a model for
the pre-metastatic niche and are capable of recruiting tumor cells in vivo. Bioma-
terial scaffolds can serve as a site for modulation of the microenvironment in order
to probe the pre-metastatic niche and observe the impact on metastasis. Lentivirus
can be delivered from PCL scaffolds in vivo and achieve long-term transgene ex-
pression (>30 days). Immune cells were the primary targets of lentiviral transgene
expression in vivo. Macrophages, neutrophils and B cells were preferentially trans-
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duced by lentivirus, while monocytes, CD4/CD8 T cells, and Natural Killer cells
were less likely to express the transgene. IL10 delivery resulted in a significant de-
crease in tumor cell recruitment to scaffolds in vivo. Delivery of immunomodulatory
CXCL12 lentivirus enhanced CD45+ immune cell recruitment to scaffolds while de-
livery of IL10 reduced immune cell recruitment. Multiple linear regression was em-
ployed across all immunomodulated microenvironments to identify key populations
of immune cells responsible for tumor cell recruitment and found overall CD45+ im-
mune and CD8+ T cell percentages to be significantly associated with reduced tumor
cell recruitment, while CD11b+Gr1+ neutrophils and CD4+ T cell percentages were
significantly associated with enhanced tumor cell recruitment. Conditioned media
from immunomodulated scaffolds identified effects on tumor cell phenotype in vitro
such as reduced proliferation from CXCL12 delivered microenvironments, enhanced
proliferation from IL10 microenvironments, enhanced scratch closure in CCL2 mi-
croenvironments, and reduced closure in IL10 microenvironments. Altogether these
findings support the idea that biomaterial scaffolds that recruit metastatic tumor
cells in vivo are a robust platform to probe events in pre-metastatic niche formation,
tumor cell recruitment and metastasis.
4.3 Introduction
Metastasis is the single greatest contributor to cancer associated deaths [149].
One of the many challenges in treating metastasis is a lack of biological understand-
ing regarding the formation of metastasis permissive microenvironments known as
the pre-metastatic niche. The seed and soil hypothesis postulated by Stephen Paget
in 1889 hypothesized that something about the soil of organs that are targets for
metastasis is primed to support the seed of the metastatic tumor cell [6]. This phe-
nomenon was confirmed in a landmark study by Rosandra Kaplan and colleagues in
2005 and termed the pre-metastatic niche [8]. Since 2005, many more review articles
66
have been published on the pre-metastatic niche than primary literature which high-
lights the intense interest in this area but difficulty in its study. The steps directly
preceding metastasis formation are particularly difficult to probe for a number of
reasons. First, the pre-metastatic niche occurs in stochastic locations within a target
organ and the altered locations make up a very small percentage of the organ itself
[7, 51, 150]. Second, genetic alterations to probe the pre-metastatic niche often have
to be done on an organism wide scale through genetically engineered mouse models
and often have off-target effects on primary tumor development. Biomaterials that
recruit metastatic cancer cells in vivo are an emerging technology to address both of
these problems [30, 31, 34, 42, 151, 152]. First, they provide a defined site in vivo to
which tumor cells are recruited, allowing for a concentrating effect of the factors and
cell types associated with the pre-metastatic niche and metastasis. Second, they are
readily modifiable on a local scale, such that the properties of the site may be altered
without any off-target effects on the host at large. As a result, biomaterial scaffolds
that model the pre-metastatic niche in vivo represent a transformative approach to
understand the development of the pre-metastatic niche, the recruitment of tumor
cells, and the contribution of individual factors to each of these processes [151].
Many factors associated with the pre-metastatic niche and metastasis have mul-
tifaceted effects on immune and tumor cells that make discerning their role in the
local microenvironment of the pre-metastatic niche difficult. For example, CXCL12
or SDF-1 is known to be a chemoattractant for breast cancer cells [153] however, it
also has broad effects on the immune system [154], fibroblasts [155] , and endothelial
cells [156]. While many studies have investigated the role of such immunomodula-
tory factors on metastasis through knock-out genetically engineered mouse models
[157], these factors have not been investigated on a purely local scale. Similarly, IL10
[158, 159] and CCL2 [15, 128] have both been implicated in metastasis, but their role
on a local scale has not been elucidated.
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In this study, we hypothesized that recruitment of tumor cells to the scaffold was
driven by immune cells, and investigated modulation of the immune microenviron-
ment as a means to influence tumor cell recruitment and to dissect the contribution
of specific immune cell populations.
4.4 Results
4.4.1 Lentiviral delivery from scaffolds achieves sustained transgene ex-
pression in immune cells in the in vivo biomaterial microenviron-
ment
The ability of poly(ε-caprolactone) (PCL) scaffolds to deliver lentivirus from the
epididymal fat pad was assessed via delivery of firefly luciferase (FLUC) lentivirus and
measured by bioluminescence imaging over 42 days following implantation (Figure
4.1A). Expression peaked at day 7 following implantation (6.36E6 +/- 1.98E6 pho-
tons/sec for FLUC loaded scaffolds and 1.81E4 +/-3.68E3 photons/sec for blank scaf-
folds) and was significantly higher than blank scaffolds at all time points investigated
(p<0.05 via two-tailed Students T test). Next, we investigated what proportion of
cells recruited to the scaffold was transduced by lentivirus. To this end, we delivered
GFP lentivirus from PCL scaffolds and assessed the percentage of GFP+ cells by flow
cytometry at day 7 following implantation. The percentage of GFP+ cells in scaffolds
with GFP encoding lentivirus delivered was significantly higher than in blank scaffolds
(2.54+/-0.81% for GFP and 1.7+/-0.08% for blank scaffolds, p<0.05 via two-sided
t-test, Figure 4.1B). In this same experiment we also evaluated the relative distri-
bution of immune cells within transduced and non-transduced cells by comparing the
percentage of all cells for each immune population to the percentage of GFP+ cells
for a given population for both innate (Figure 4.1C) and adaptive immune cell pop-
ulations (Figure 4.1D). GFP+ cells that were transduced with lentivirus were more
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likely to be CD45+ (35.52+/-15.48% CD45+ for all cells and 58.6+/-6.75% CD45+
for GFP+ cells), CD11b+F4/80+ (macrophages, 5.26+/-1.79% CD11b+F4/80+ of
CD45+ for all cells and 16.46+/-3.84% CD11b+F4/80+ of CD45+ for GFP+ cells),
CD11b+Gr1+ (neutrophils, 4.51+/-0.57% CD11b+Gr1+ of CD45+ for all cells and
16.5+/-2.64% CD11b+Gr1+ of CD45+ for GFP+ cells), CD19+ (B cells, 2.44+/-
0.39% CD19+ of CD45+ for all cells and 10.8+/-1.26% CD19+ of CD45+ for GFP+
cells) and less likely to be Ly6C+F4/80- (monocytes, 36+/-6.73% Ly6C+F4/80- for
all cells and 27.8+/-3.38% Ly6C+F4/80- for GFP+ cells), CD4+ (helper T cells,
1.34+/-0.23% CD4+ of CD45+ for all cells and 0.17+/-0.11 %CD4+ of CD45+ for
GFP+ cells), CD8+ (cytotoxic T cells, 7.02+/-1.54 % CD8+ of CD45+ for all cells
and 2.17+/-0.47% CD8+ of CD45+ for GFP+ cells), and CD49b+ (Natural Killer
cells, 0.96+/-0.24% CD49b+ of CD45+ for all cells and 0.046+/-0.04 for GFP+ cells).
4.4.2 Lentiviral delivery of immunomodulatory factors successfully mod-
ulates the scaffold immune microenvironment in vivo and alters
tumor cell recruitment
Following sustained transgene expression and identification of cells types trans-
duced, we next investigated the effect of lentiviral delivery of immunomodulatory
cytokines including CCL2 (MCP-1), CXCL12 (SDF-1), and IL-10 from PCL scaf-
folds in tumor-bearing mice. We first investigated the alterations in immune cell
recruitment to the scaffold in each condition (Figure 4.2A) and found CXCL12 de-
livery significantly enhanced the percentage of CD45+ cells of total cells compared
to FLUC control (35.9+/-5.9% CD45+ cells of total for CXCL12 and 31.4+/-3.2%
of CD45+ cells of total for FLUC), while the delivery of IL10 significantly reduced
the percentage of CD45+ cells of total compared to FLUC control (27.4+/-4.1% of
CD45+ cells of total for IL10 and 31.4+/-3.2% of CD45+ cells of total for FLUC).
We next investigated the effect of immunomodulatory cytokine delivery on tumor
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Figure 4.1: Lentiviral delivery from scaffolds implanted in epididymal fat
pad achieves sustained transgene expression in immune cells.
(A) Scaffolds implanted into epididymal fat pad and loaded with FLuc
lentivirus demonstrate sustained transgene expression over 42 days, with
expression peaking at day 7 and significantly higher (p<0.05) than Blank
scaffolds at all time points investigated. (B) Scaffolds implanted into epi-
didymal fat pad and loaded with eGFP lentivirus demonstrate a signifi-
cantly higher percentage of GFP+ cells (*p<0.05) at day 7 following im-
plantation. Flow cytometry evaluation of cells transduced by lentivirus for
surface markers demonstrate populations more or less likely to be trans-
duced by lentivirus including (C) innate immune cell populations CD45+,
CD11b+F480+, CD11b+Gr1+, Ly6C+F480- cells and (D) adaptive im-
mune cell populations including CD45+, CD19+, CD4+, CD8+, CD49b+
cells. (*p<0.05 via two-sided t-test)
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cell recruitment to implanted scaffolds (Figure 4.2B) and found IL10 significantly
reduced the percentage of tdTomato+ 4T1 metastatic tumor cells spontaneously ar-
riving at the scaffold relative to all other conditions (0.06+/-.03% tdTomato+ of to-
tal cells for IL10, 0.13+/-04% tdTomato+ for FLUC, 0.09+/-0.02% tdTomato+ for
CCL2, and 0.11+/-04% tdTomato+ for CXCL12). Following evaluation of a change
in both overall immune cell recruitment and tumor cell recruitment, we next sought
to understand if the relative distribution of immune cells changes with delivery of
immunomodulatory factors (Figure 4.2C). To this end we evaluated the presence of
innate immune cell populations: CD11b+F480+ macrophages, CD11b+Gr1+ neu-
trophils, CD11b+Gr1+Ly6C- myeloid derived suppressor cells, CD11c+F480- den-
dritic cells, Ly6C+F480- monocytes, and adaptive immune cell populations: CD4+
T cells, CD8+ T cells, CD19+ B cells, and CD49b+ NK cells by flow cytometry.
We found a few small, but statistically significant differences between immunomod-
ulatory conditions including a significant increase in CD11b+F480+ macrophages in
CXCL12 (5.22+/-1.6%) relative to CCL2 (2.7+/-0.86%) and IL10 (3.26+/-0.65%), a
significant decrease in CD11b+Gr1+Ly6C- myeloid derived suppressor cells in CCL2
(6.86+/-2.9%) relative to CXCL12 (15.7+/-9.4%) and IL10 (11.9+/-4.8%) conditions,
a significant increase in CD11c+F480- dendritic cells in FLUC (22.0+/-2.6%) rela-
tive to CCL2 (17.1+/-2.2%) and IL10 (14.9+/-2.7%) and in CXCL12 (20.6+/-5.5%)
relative to IL10 (14.9+/-2.7%), a significant increase in Ly6C+F480- monocytes in
CCL2 (16.0+/-3.6%) relative to IL10 (12.1+/-3.4%), a significant increase in CD8+
T cells in CCL2 (9.8+/-2.3%) and IL10 (10.3+/-3.4%) relative to FLUC (6.97+/-
1.7%) and CXCL12 (6.91+/-2.4%), and a significant increase in CD19+ B cells in
CCL2 (2.70+/-1.3%) relative to FLUC (1.60+/-0.3%) , CXCL12 (1.43+/-0.7%), and
IL10 (1.50+/-0.4%).
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Figure 4.2: Lentiviral delivery of immunomodulatory factors from scaffolds
results in modulation of the scaffold immune microenvironment.
Delivery of immunomodulatory lentivirus alters (A) the percentage of
CD45+ cells of singlets (B) the percentage of CD45-tdTomato+ 4T1
tumor cells, and (C) innate immune cell populations CD11b+F480+
macrophages, CD11b+Gr1+ neutrophils, CD11b+Gr1+Ly6C- myeloid
derived suppressor cells, CD11c+F480- dendritic cells, Ly6C+F480-
monocytes and adaptive CD4+ T cells, CD8+ T cells, CD19+ B cells,
and CD49b+ NK cells as evaluated by flow cytometry. Letter indicates
significance p<0.05 where a is significantly altered from FLuc, b from
CCL2, c from CXCL12, and d from IL10.
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4.4.3 Modulation of the scaffold immune microenvironment provides in-
sights into immune cell populations critical to tumor cell recruit-
ment in vivo
Following the finding that delivery of immunomodulatory lentivirus from bioma-
terial scaffolds alters immune cell recruitment subsequent tumor cell recruitment in
vivo we next sought to use the immune marker and tumor cell marker flow cytome-
try data to investigate the role of individual immune cell populations in tumor cell
recruitment. First, unsupervised hierarchical clustering was performed on the flow
cytometry data to identify how different the immune microenvironments are when
the all of the immune populations are taken into account (Figure 4.3A). We found
that in general, samples of the same condition clustered together somewhat but there
was significant variability in the data that could not be explained simply by the
delivery of one cytokine. For example, two major clusters were identified with the
first encompassing all FLUC and IL10 samples, all but one CXCL12 sample, and
3/6 IL10 samples. The second cluster contained one CXCL12 sample and one CCL2
sample and upon visual inspection it appears that the strongest indicators of this
first level of clustering were due to higher than average content of CD19+ B cells
and CD11b+Gr1+ neutrophils. Upon further subdividing the first cluster containing
all FLUC, IL10, and most CXCL12 samples this cluster can be further subdivided
into 3 clusters. The first of these three clusters contains 2/6 FLUC samples and 3/6
CXCL12 samples which appear to be clustering primarily on higher than average
CD45+ and CD11b+Gr1+Ly6C- myeloid derived suppressor cell content. The sec-
ond of these clusters contains 2/6 CXCL12 samples, 4/6 FLUC samples, 2/6 CCL2
samples, and 1/6 IL10 sample and appear to be similar primarily due to relatively
high CD45-tdTomato+ tumor cell content and CD45+ cell content. The final cluster
contains 5/6 IL10 samples, 2/6 CCL2, and 2/6 CXCL12 and the primary character-
istic of this cluster appears to be relatively high CD8+ T cell content accompanied
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by relatively high Ly6C+F480- monocyte content.
Since correlations between cell types were not obvious by unsupervised hier-
archical clustering, we next performed correlation analysis to look at the correla-
tion between each cell population in the scaffold microenvironments (Figure 4.3B,
Supplemental Figure 4.7). Interestingly, we found CD11b+Gr1+ neutrophils,
CD11c+F480- dendritic cells, Ly6C+F480- monocytes, CD4+ T cells, and CD19+ B
cells to positively associated with tumor cell recruitment (r>0) while overall CD45+,
CD11b+F480+ macrophages, CD11b+Gr1+Ly6C- putative myeloid derived suppres-
sor cells, CD8+ T cells, and CD49b+ Natural Killer cells were all negatively correlated
with tumor cell recruitment (r<0). Additionally, some immune cell populations were
strongly positively correlated with each other including CD11b+Gr1+ neutrophils
and CD19+ B cells (r=0.75), CD11b+F480+ macrophages and CD11b+Gr1+Ly6C-
myeloid derived suppressor cells (r=0.672), and CD11b+Gr1+ neutrophils and Ly6C+F480-
monocytes (r=0.67); while others had strong negative correlations including CD11b+Gr1+Ly6C-
myeloid derived suppressor cells and Ly6C+F480- monocytes (r=-0.72). To inves-
tigate the key players in tumor cell recruitment further, we performed stepwise
multiple linear regression analysis to create a model that explains the variability
in the recruitment of tumor cells to the immunomodulated scaffold microenviron-
ments (Table 4.1) with the percentage of tumor cells of total cells as the output
and the percentage of each population (CD45+ total immune cells, CD11b+F480+
macrophages, CD11b+Gr1+ neutrophils, CD11b+Gr1+Ly6C- myeloid derived sup-
pressor cells, CD11c+F480- dendritic cells, Ly6C+F480- monocytes, CD4+ T cells,
CD8+ T cells, CD19+ B cells, and CD49b+ NK cells) as continuous predictors. This
analysis method created a model with the equation Tumor-Cells = 0.0794 - 0.004651
CD45 + 0.00438 Neutrophil + 0.0756 CD4 - 0.00298 CD8 and a model R2 = 69.69%,
adjusted R2 = 64.42%, and p-value <0.001 for the model. The positive coefficients for
CD11b+Gr1+ neutrophils and CD4+ T cells indicate that these positively contribute
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Predictor Term P-value Coefficient Coefficient S.E.
Constant 0.118 0.0794 0.0489
%CD45+Live of singlets <0.001 -0.004651 0.000973
%CD11b+Gr1+ of CD45+Live Cells 0.001 0.00438 0.00120
%CD4+ of CD45+Live Cells 0.001 0.0756 0.0206
%CD8+ of CD45+Live Cells 0.039 -0.00298 0.00137
Table 4.1: Multiple Linear Regression for immunomodulated scaffolds iden-
tifies key immune cell populations role in tumor cell recruitment.
Regression Equation: Tumor-Cells = 0.0794 - 0.004651 CD45 + 0.00438 +
0.0756 CD4 - 0.00298 CD8. Model R2 = 69.69%, Adjusted R2 = 64.42%,
p<0.001 for model.
to tumor cell recruitment, while total CD45+ cells and CD8+ T cells negatively con-
tribute to tumor cell recruitment; similar to what we saw by simple linear correlations
(Figure 4.3B).
4.4.4 Modulation of the scaffold immune microenvironment exhibits dif-
ferential effects on tumor cell phenotype in vitro
Finally, we evaluated the effect of immunomodulated microenvironments on tu-
mor cells in vitro. We did this by implanting FLUC control scaffolds in the right
epididymal fat pad and a virus of interest (CCL2, CXCL12, IL10) in the left epi-
didymal fat pad of the same mouse. Using this method, the FLUC scaffold in each
mouse serves as an internal control. Seven days following implantation, we explanted
scaffolds, placed them in sterile RPMI-1640, minced the scaffold, and allowed the
cells to condition the media for 48 hours. This conditioned media was then used
for various assays with tumor cells including proliferation (Figure 4.4A), scratch
assay (Figure 4.4B), and mammosphere formation assay (Figure 4.4C). In prolif-
eration assays CXCL12 suppressed tumor cell proliferation relative to FLUC controls
(84,440+/-41,000 cells/well for FLUC and 54,400+/-15,000 cells/well for CXCL12)
from the same set of mice while IL10 enhanced proliferation relative to FLUC con-
trols (17,700+/-9,000 cells/well for FLUC and 35,900+/-24,000 cells/well for IL10)
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Figure 4.3: Lentiviral delivery of immunomodulatory factors from scaffolds
results in modulation of the scaffold immune microenvironment.
(A) Unsupervised hierarchical clustering of immune populations in scaf-
folds with Fluc, mCCL2, mCXCL12, or mIL-10 delivered. (B) Correlation
analysis of immune cell populations and tumor cell recruitment showing
heatmap of Pearson correlation coefficient values for each immune cell
population and tumor cells identified as CD45-tdTom+
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from the same mice (Figure 4.4A). In scratch assays CCL2 significantly enhanced
the number of wells with partial closure relative to FLUC (11% partial in FLUC and
89% partial closure in CCL2), while IL10 significantly enhanced no closure (0% of
scratches with no closure in FLUC and 42% of scratches in IL10 with no closure,
Figure 4.4B). In mammosphere assays no significant differences in mammosphere
formation ability were observed as a result of different immunomodulated conditioned
medias, however a reduction in mammosphere formation ability was observed across
all scaffold conditioned media samples relative to the RPMI-1640 unconditioned me-
dia (CTRL, Figure 4.4C).
4.5 Discussion
Metastasis is responsible for 90% of cancer related deaths [149]. Enhancing un-
derstanding of the key events for tumor cell recruitment and development of the
pre-metastatic niche has the potential to significantly impact treatment of metas-
tasis. The pre-metastatic niche has been particularly difficult to study given the
stochastic, focal nature of development in pre-metastatic organs. In this study we
validate the use of biomaterial scaffolds as a platform to engineer the pre-metastatic
niche and observe the impact on immune cell recruitment and subsequent tumor cell
recruitment. The standard platform for altering the properties of a pre-metastatic
site and observing the impact on metastasis has been genetically engineered mouse
models. However, these have a significant disadvantage as there are usually off-target
effects other than the tissue of interest as well as the cost to develop these models is
very high. Biomaterial scaffolds have been used to recruit tumor cells in models of
breast [30, 31, 34, 42, 152], prostate [27], ovarian [29], melanoma [26] and leukemic
[36] cancers. The recruitment of tumor cells to a site that is readily modifiable makes
an ideal platform for probing the pre-metastatic and metastatic niche, however to
this point only single factors have been identified for their ability to enhance tumor
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Figure 4.4: Scaffold immunomodulatory effect on tumor cell phenotype. 4T1
tumor cells were grown in vitro and treated with conditioned media gen-
erated from scaffolds loaded with FLUC, CCL2, CXCL12, or IL10 in
(A) proliferation assays where the number of cells per well was assessed
by measuring tdTomato fluorescence via plate reader, (B) scratch assay
where the number of scratches achieving complete, partial, or no closure
was evaluated using light microscopy, and (C) mammosphere assay where
tumor cells were plated in a mammosphere assay in ultra low attachment
plates and allowed to grow as spheres in the presence of conditioned me-
dias and proliferation of spheres assessed by measuring tdTomato fluores-
cence via plate reader.
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cell recruitment[31, 34, 42] but no alterations have been found that reduce tumor cell
recruitment relative to control, nor has the interplay between the immune microen-
vironment present in a scaffold and the subsequent recruitment of tumor cells been
fully investigated.
To date, this study is the first to look at a range of inflammatory and anti-
inflammatory factors to probe their effect on the immune microenvironment of the
foreign body response, as well as their effect on tumor cell recruitment. While, we
did see modulation of total immune cell content by flow cytometry, the changes of
relative immune cell populations were smaller than expected. This may be a result of
transducing only 2% of resident cells, even though detectable increases in the delivered
factor were observed Supplemental, Figure 4.6. Even with relatively small changes
in individual immune cell populations we found a decrease in tumor cell recruitment
to IL10 loaded scaffolds. This finding is the first in which tumor cell recruitment
has been negatively impacted simply by modulating the immune microenvironment
of the scaffold.
While we did not observe large changes in individual immune cell populations
present in the scaffold, we were able to use the sum total of the immune microenvi-
ronment as evaluated by surface marker flow cytometry to observe how delivery of
various factors biased the whole immune environment. This multifaceted approach
allowed us to investigate immune cell populations that are positively and negatively
correlated with tumor cell recruitment. Interestingly, we found CD11b+Gr1+ neu-
trophils, CD11c+F480- dendritic cells, Ly6C+F480- monocytes, CD4+ T cells, and
CD19+ B cells to positively associated with tumor cell recruitment, while overall
CD45+, CD11b+F480+ macrophages, CD11b+Gr1+Ly6C- putative myeloid derived
suppressor cells, CD8+ T cells, and CD49b+ Natural Killer cells were all negatively
correlated with tumor cell recruitment. Neutrophils, monocytes, and CD4+ T cells
were not surprising for their positive association with tumor cell recruitment as these
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have been previously reported [150]. Similarly, the negative association of CD8+
T cells and CD49b+ Natural Killer cells is to be expected as these are well known
negative-regulators of tumor cells at metastatic or pre-metastatic sites [150, 151].
However, the positive association of dendritic cells and B cells with metastasis has not
been previously reported. Additionally, we were surprised to find CD11b+Gr1+Ly6C-
putative myeloid derived suppressor cells were negatively associated with tumor cell
recruitment in this context. It is possible that this cell population may be heteroge-
neous [160] and contain neutrophils as well as granulocytic MDSCs that may explain
their negative impact on tumor cell recruitment [46]. These findings were then further
investigated by creation of a multiple linear regression model with stepwise validation
of terms to find the populations that were significantly associated with tumor cell re-
cruitment. Similar to simple correlation analysis and as would be expected based
on the literature, we found CD45+ and CD8+ T cells [161] to be negatively associ-
ated with recruitment and neutrophils [162] and CD4+ T cells [163] to be positively
associated with tumor recruitment. This analysis indicates that tumor cell recruit-
ment to a biomaterial scaffold in vivo can be described reasonably well by knowing
the relative proportions of CD45+ immune cells, CD8+ T cells, CD4+ T cells, and
CD11b+Gr1+ neutrophils. This finding is significant as it indicates that for a given
patient, the relative distribution of immune cells could be tracked as a surrogate for
tumor cell recruitment to the implant.
Finally, we investigated the role of the immunomodulated microenvironments on
tumor cell phenotype in vitro. These experiments were performed with whole scaf-
fold conditioned media and 4T1 mouse breast adenocarcinoma cells in vitro due to
the relative difficulty of ascertaining the effect of a microenvironment on recruited
tumor cells in vivo [151]. This approach also allowed for more controlled understand-
ing of the effect of modulated microenvironments on tumor cell phenotype relative
to direct analysis of recruited tumor cells which could be biased by recruitment of
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different subpopulations of tumor cells to different microenvironments. Interestingly,
we found CXCL12 modulated microenvironments significantly reduced proliferation
relative to the FLUC control in the same mouse. This is consistent with other reports
demonstrating that enhanced CXCL12 expression by the primary tumor inhibits tu-
mor growth and metastasis through regulation of anti-tumor immunity [164]. This
finding in the context of the various literatures surrounding CXCL12 role in breast
cancer metastasis highlights ability of this platform to understand metastasis on a lo-
cal scale instead of a primary tumor driven [164] or GEMM model [153]. Additionally,
we found IL10 modulated microenvironments significantly enhanced proliferation rel-
ative to FLUC controls in the same set of mice. As a potent anti-inflammatory factor,
IL10 is known to enhance metastasis through suppression of various immune surveil-
lance mechanisms [159, 165] but in other cases has been found to reduce metastasis
[158]. By using conditioned media from the modulated microenvironment, we re-
move all cell-contact dependent mechanisms and rely only on secreted factors. These
results indicate that biasing the scaffold microenvironment toward a more immune
suppressive role has dual effects on tumor cells: it reduces tumor cell recruitment
to the scaffold but enhances proliferation. Additionally, we find by scratch assay
that IL10 modulated microenvironments reduce migration of tumor cells in a scratch
assay. This is consistent with the finding of reduced tumor cell recruitment to the
scaffold. These findings highlight the ability of this platform to begin to tease out
the role of various cytokines in metastasis on a local scale, rather than through global
modulation of tumor cells or immune cells.
Lentiviral gene delivery from biomaterial scaffolds has been performed in the past
with poly(lactide-co-glycolide) (PLG) scaffolds [31, 66, 166]. In this work we chose
to use PCL scaffolds, as we have achieved higher levels of tumor cell recruitment in
PCL relative to PLG [30] and thus hypothesized that we would have better resolution
for identifying effects of immunomodulation on tumor cell recruitment. We achieved
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long-term sustained transgene expression from scaffolds loaded with lentivirus and
implanted into the epididymal fat pad, similar to previous work [66]. We found
slightly different cell populations stably expressing the lentivirus transgene relative to
previously reported work [66]. This may be a result of mouse strain differences (balb/c
versus CD1) or biomaterial differences (PCL versus PLG). As the cells transduced
with the lentivirus were more likely to be immune cells than non-immune cells, this
represents an ideal platform for modulating the immune microenvironment.
In this study, we demonstrate the utility of lentiviral delivery from biomaterial
scaffolds to alter immune cell populations and tumor cell recruitment in vivo. Appli-
cation of this technology toward dissecting the role of various immune cell populations
and secreted factors in metastasis provides an engineering platform to molecularly dis-
sect metastatic processes, identify key pathways for intervention, ultimately providing
new targets for the prevention and treatment of metastasis.
4.6 Materials and Methods
4.6.1 Lentivirus production
Lentiviral production was performed as previously described 24. Briefly, DNA
encoding for eGFP, firefly luciferase, murine IL10, CCL2, or CXCL12 in a self-
inactivating lentiviral vector cassette was purchased from Vector Builder. Lentivirus
was produced in HEK-293FT cells grown in DMEM with 10% FBS. Lentiviral packag-
ing vectors were co-transfected with the lentiviral vector into HEK293FT cells using
Lipofectamine 2000 (Life Technologies). After 48 h, the supernatant was collected and
cell debris removed via centrifugation. Lentiviral particles were then concentrated us-
ing PEG-it (System Biosciences) and re-suspended in sterile dPBS with 1M sucrose to
aid in viral stability. Lentiviral titer was determined using qPCR Lentivirus Titer Kit
(Applied Biological Materials). Typical titers ranged from 1e9 to 5e9 particles/mL.
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4.6.2 Scaffold fabrication and implantation
Microsphere preparation. PCL microspheres were prepared as previously de-
scribed11. Briefly, microspheres were prepared by emulsification of a 6% (w/w)
solution of PCL (Lactel Absorbable Polymers; Inherent viscosity 0.65-0.85 dL/g)
in dichloromethane in a 10% (w/v) poly(vinyl alcohol) solution followed by homog-
enization at 10,000 rpm for 1 minute. The solution was then stirred for 3 hours to
evaporate dichloromethane solvent. Microspheres were then collected by centrifuga-
tion at 2000 x g for 10 minutes and washed at least five times in deionized water.
Finally, microspheres were lyophilized for 48 hours.
Scaffold fabrication. Microporous PCL scaffolds were prepared by mixing PCL
microspheres and sodium chloride crystals (250-425 μm in diameter) at a 1:30 (w/w)
ratio. This salt and polymer microsphere mixture was then pressed in a steel die for
45 seconds at 1500 PSI. Polymer/salt disks were then heated at 60C for 5 minutes
per side to melt polymer microparticles around salt crystals to form a continuous
structure. Salt crystals were subsequently removed by immersion in water for 1.5
hours. Scaffolds were then sanitized for animal studies using 70% ethanol, rinsed
with sterile water, and dried on a sterile surface.
Scaffold lentivirus loading. 2e7 viral particles (in 20 μL dPBS with 1M sucrose)
were added to the scaffold using a micropipette, allowed to dry for 2 minutes and
then immediately implanted into the mouse.
Scaffold implantation. Scaffolds were implanted into the epididymal fat pads of
8-week-old female balb/c mice (Jackson Laboratory) as previously described 10. For
the implantation procedure, animals were anesthetized via isoflurane (2%, inhaled),
prepared with Carprofen analgesia (5 mg/kg, subcutaneous injection), the belly was
shaved and prepped using a Betadine swab followed by an ethanol swab and this
procedure was repeated 3 times. A fenestrated sterile field was draped over the
surgical area and a 1 cm incision was made in the skin parallel to the top of the hip.
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Next, a 1 cm incision was made in the peritoneal wall and the epididymal fat pads
were gently pulled out of the peritoneal cavity and placed on sterile gauze. Scaffolds
were placed on the fat pad and the fat pad was manipulated to enclose the scaffold
in fat. Each fat pad was gently re-inserted into the peritoneal cavity taking care to
keep the scaffold enclosed in the fat tissue. The peritoneal wall was closed with 5-0
vicryl resorbable sutures (Ethicon). The skin was then closed using sterile wound
clips (Reflex 9 mm, Roboz Surgical Instrument Co).
4.6.3 Tumor Inoculation
Animal studies were performed in accordance with institutional guidelines and
protocols approved by the University of Michigan Institutional Animal Care and Use
Committee (IACUC). Tumor inoculations were performed by injection of 2e6 4T1-
tdTomato-luc2 (Perkin Elmer) cells in 50 μL PBS (Life Technologies) into the fourth
right mammary fat pads of 10-week-old female Balb/c mice (Jackson Laboratory).
Cell lines were confirmed to be pathogen free and authenticated by short tandem
repeat DNA analysis and compared to the ATCC STR profile database (DDC Medi-
cal).
4.6.4 In vivo bioluminescence imaging
Luciferase expression was monitored longitudinally using an IVIS imaging system
(Caliper). Mice were anesthetized with isoflurane and administered an intraperitoneal
injection of d-luciferin (Caliper) at a dose of 150 mg/kg. Animals were then placed
in the imaging chamber and images were acquired every 5 min for a total of 30 min
or until the peak signal was found for each mouse. Signal intensity is reported as
integrated light flux (photons/sec) as calculated by Living Image Software (Caliper).
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4.6.5 Statistical Analysis
All results are presented as mean +/- standard error of mean (SEM). Statisti-
cal comparisons of parameters between groups were made using Students t-test for
unpaired samples. A p value of <0.05 was considered statistically significant. Unsu-
pervised hierarchical clustering was performed in MATLAB release 2018a.
4.6.6 Flow Cytometry
Scaffolds were minced, digested using Liberase TL (Roche) and strained through a
70 μm filter to produce a single cell suspension. Cells were pelleted via centrifugation
at 500 x g for 5 min. Following isolation of a single cell suspension, cells were blocked
using anti-CD16/32 (Biolegend) and stained with anti-mouse CD45 AF700 (Biole-
gend), CD11b V500, F4/80 PECy7, Gr1 PacBlue, Ly6C FITC, and CD11c APC for
innate panel. For adaptive panel samples were stained with anti-mouse CD45 AF700,
CD4 V500, CD8 FITC, CD19 PacBlue, and CD49b PECy7. Samples were run on
MoFlo Astrios Flow Cytometer (Beckman Coulter) and data processed using FlowJo
(TreeStar Inc.).
4.6.7 Conditioned Media Assays
Generation of conditioned media. Scaffolds were isolated, separated from epididy-
mal fat pad and placed in 600 μL sterile RPMI 1640 media with non-essential amino
acids, HEPES buffer, and without phenol red. Scaffolds were then minced using a
microfeather scalpel and incubated at 37C and 5% CO2 for 48 hours. Following con-
ditioning of media, supernatant was collected into microcentrifuge tubes (MCT) and
centrifuged at 2000xg for 5 min at 4C. Supernatant was then transferred to a new
MCT and stored at -80C until use.
Conditioned Media Assays. 4T1-tdTomato-luc2 cells were thawed and allowed
to grow to confluency before passaging for proliferation, scratch and mammosphere
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assays. All assays were performed in 96 well plates with 50 μL of conditioned media
and 50 μL of serum-free or serum-containing RPMI 1640 as appropriate for the assay.
For all conditioned media assays each condition was compared to a F-Luc control in
the same mouse (F-Luc loaded and implanted into right fat pad and virus of interest
loaded and implanted into left fat pad). RPMI 1640 with non-essential amino acids,
HEPES buffer and without phenol red, was used as a control for all assays.
Proliferation Assays. Cells were plated at 50,000 cells/well and the number of
cells was monitored once a day for four days using a plate reader with excitation at
554 and emission at 581 reading from the bottom of the plate. Scratch Assays. Cells
were plated at 100,000 cells/well and allowed to attach for 12 hours. After 12 hours,
a p200 pipette tip was used to create a scratch in the center of each well spanning the
length of the well. The plate was gently shaken to remove any loosely attached cells.
Next the media was replaced the 50 μL of the appropriate conditioned media and
50 μL of RPMI-1640 with 10% fetal bovine serum. Wells were imaged using a light
microscope immediately after scratch formation and imaged every 3 hours following
scratch formation to monitor scratch closure. At 12 hours following scratch formation
each well was imaged and evaluated for full, partial or no closure of the scratch.
Mammosphere Assays. Cells were plated at 10,000 cells/well in an ultra-low at-
tachment 96 well plate with 50 μL of mammosphere media and 50 μL of the appro-
priate conditioned media. Mammosphere formation was monitored with imaging via
light microscope for 5 days and evaluation of whole well tdTomato fluorescence using
a plate reader as with the proliferation assay above.
4.7 Supplemental Figures
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Figure 4.5: Delivery of UBC-mIL10 lentivirus demonstrates significantly
higher protein levels of mIL-10 as evaluated by ELISA relative to
scaffolds that receive no lentivirus.
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Figure 4.6: Single linear regression of cell populations identified as signifi-
cantly explaining variability in tumor cell recruitment including
(A) %CD45+Live cells of singlets (B) %CD11b+Gr1+ (Neutrophils) of
CD45+Live cells (C) %CD4+ T cells of CD45+Live cells and (D) %CD8+
T cells of CD45+Live cells. Single regression line and 95% confidence in-
terval are reported for each single linear regression.
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CHAPTER V
Biomaterial Scaffolds Recruit an Aggressive
Population of Metastatic Tumor Cells in Vivo
5.1 Authors
Grace G Bushnell, Tejaswini P Hardas, Scott Ronquist, Rachel M Hartfield, Yin-
ing Zhang, Robert S Oakes, Haiming Chen, Indika Rajapakse, Max S Wicha, Jacque-
line S Jeruss, Lonnie D Shea
5.2 Abstract
For most cancers, metastasis is the point at which clinical treatment shifts from
curative intent to extending survival. Biomaterial implants act as a synthetic pre-
metastatic niche recruit metastatic cancer cells and provide a survival advantage, and
their use as a diagnostic platform requires assessing their relevance to disease pro-
gression. Here, we show that scaffold captured tumor cells (SCAF) are 30 times more
metastatic to the lung than primary tumor cells (PT), similar to cells derived from
lung micrometastases (LUNG). SCAF cells were more aggressive in vitro, demon-
strated higher levels of migration, invasion, and mammosphere formation, and had a
greater proportion of cancer stem cells than PT. SCAF were highly enriched for gene
sets associated with metastasis and had associated genome structural changes includ-
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ing globally enhanced entropy. Collectively, our findings demonstrate that SCAF cells
are distinct from PT, more closely resembling LUNG, indicating tumor cells retrieved
from scaffolds are reflective of cells at metastatic sites.
5.3 Significance
The use of biomaterial scaffolds as a diagnostic requires assessing relevance of re-
cruited cells to disease progression. Scaffold-recruited tumor cells are highly metastatic;
resembling those found in the lung and were investigated for metastasis-associated
genome structure changes. Scaffold-captured cells may serve as diagnostic towards
developing a molecular staging of metastasis.
5.4 Introduction
In most types of cancer, the formation of distant metastases is the point at which
the disease is no longer considered curable. Tumor cell colonization of distal sites oc-
curs through a sequence of events, initiated by generation of pre-metastatic niches by
cells originating in the bone marrow [8, 150, 167]. A small subset of tumor cells that
have successfully invaded the tumor vasculature then home to these pre-conditioned
locations [168] and are often more aggressive [5], resistant to therapy [169], and can-
cer stem cell like [170]. This suggests that neither the primary tumor nor CTCs
are representative of cells with metastatic potential. At present, methods to detect
metastasis involve radiologic imaging, which are capable of detecting metastatic foci
7-10 mm in size [171]. Imaging is typically performed for evaluation of clinical symp-
toms indicating compromised tissue function, and thus foci of this size are usually
associated with late stage disease.
Most early detection strategies currently developed focus on the use of blood as
a liquid biopsy. The umbrella term liquid biopsies includes circulating tumor cell
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(CTC), circulating tumor DNA (ctDNA), and exosome detection in the blood: all
of which are emerging as platforms to stage patients beyond the presence, size, and
molecular characteristics of the primary tumor [172]. However, while each of these
is associated with metastatic risk the interplay between the presence and relative
number of each of these markers and presence of metastatic disease is tenuous. Bio-
material scaffolds that capture metastatic tumor cells [151] extend beyond the power
of the liquid biopsy to capture immune cells associated with the metastatic niche and
metastatic tumor cells themselves [30, 31, 34, 42, 152]. These technologies have been
successful in mouse models of breast [30, 31, 34, 42, 152], ovarian [29], prostate [27],
melanoma [26], and hematologic cancers [36] and have captured tumor cells, reduced
metastatic burden [30, 31], and improved survival [30].
A crucial piece of scaffolds as a detection platform and alternative to liquid biopsy
is understanding the phenotype of tumor cells recruited to biomaterial scaffolds in vivo
testing the hypothesis that these cells are truly metastatic and similar to tumor cells
that have colonized an organ. As poly(ε-caprolactone) (PCL) scaffold implantation
in combination with surgical resection results in a survival advantage relative to mock
surgery [30], we expect that the scaffold may be capturing an aggressive population
of metastatic tumor cells. Identifying the phenotype of scaffold-captured tumor cells
within the continuum of tumor cell phenotypes will inform the use of scaffolds as
surrogates for metastatic sites, facilitating the development of therapeutic strategies
targeting metastatic disease.
In this report, we derived cell lines from the primary tumor MDA-MB-231BR
breast cancer xenografts, as well as matched lung micro-metastasis, and biomaterial
scaffold captured-tumor cells. In vitro and in vivo assays were utilized to characterize
phenotypic differences between these cell lines. Finally, we performed RNAseq and Hi-
C to elucidate transcriptional and chromatin configuration differences that generate
these phenotypic characteristics. These studies support the utility of scaffold-captured
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cells as a metastasis surrogate to reveal molecular mechanisms and identify potential
therapeutic targets for metastatic cancer.
5.5 Results
5.5.1 Tumor cell lines were derived from scaffold, primary tumor, and
metastatic sites in vitro
We generated cell lines from various tumor cell locations in vivo including cells
derived from subcutaneously implanted scaffolds and compared them to cell lines
derived from primary tumors or lung metastases derived from the same set of mice.
Based on previous reports, the earliest metastatic cells should be captured in the scaf-
fold [30, 31], with metastases arriving in the lung at subsequent times. This difference
in time of arrival may underlie some variations in these metastatic cell populations.
Using a mouse cell depletion kit and magnetic activated cell sorting, we isolated hu-
man MDA-MB-231BR human breast cancer cells from each location. Approximately
10,000 cells were plated for PT-derived cells, whereas approximately 100 and 500 cells
were isolated for scaffold and lung derived cells respectively. Representative images
of each are shown (Figure 5.1). While PT cells attached and spread day 1 (Figure
5.1A), scaffold and lung-derived cells took much longer to attach and begin growing,
likely due to plating density (Figure 5.1B). By day 12 of culture, scaffold-captured
cells had attached and formed approximately 15 individual colonies and lung-derived
cells had formed hundreds of colonies, whereas primary tumor formed confluent cul-
tures without visible colonies (Figure 5.1C). Cells were passaged and cultured to
develop stable cell lines, hereafter referred to as SCAF (scaffold-captured), LUNG
(lung micro-metastasis derived) and PT (primary tumor-derived) cell lines.
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Figure 5.1: Micro-porous scaffolds implanted in NSG mice recruit 231BR
cells in vivo. Tumor cells can be isolated by MACS mouse cell depletion
and tdTomato+ primary tumor (PT), scaffold (SCAF), and lung (LUNG)
derived tumor cells are evident initially at day 0 (A), PT cells begin to
attach at day 1 but SCAF and LUNG cells remain in suspension (B), and
by day 12 SCAF cells attached and grew out to form approximately 15
colonies of cells, LUNG cells grew out from approximately 500 cells and
PT from approximately 1e5 cells (C). Scale bars represent 25, 50, 100 or
400 um as labeled.
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Figure 5.2: SCAF cell line is highly metastatic in vivo compared to the
PT cell line and similar to LUNG cell line. (A) Representative
bioluminescence images for lungs of mice inoculated with SCAF (n=11
mice), PT (n=5 mice), or LUNG (n=6 mice) cells. Tumor burden as
measured by flow cytometry for tdTomato+ cells normalized to average
tumor burden for PT cell line for scaffolds (B) and lungs (C). Error bars,
SEM. *p<0.05 by two tailed t-test.
5.5.2 Scaffold-captured cells are highly metastatic in vivo
We investigated the metastatic capacity of these cell lines in vivo. Cell lines were
orthotopically inoculated into NSG mice and allowed to grow for 21 days. Tumor and
spleen mass were similar for all lines (data not shown). Representative bioluminescent
images of the lungs indicate metastasis, with differential metastatic capacity for each
(Figure 5.2A). Metastasis was quantified by the presence of tdTomato+ cells in
tissue homogenates by flow cytometry. Metastatic tumor burden was significantly
higher in implanted scaffolds (Figure 5.2B) (2.4 +/- 1.4 times higher) and lungs
(Figure 5.2C) (27.3 +/- 22.5 times higher) for SCAF tumor-bearing mice relative
to PT tumor-bearing mice (p<0.05 via t-test). Metastatic tumor burden was not
significantly different between LUNG and PT or LUNG and SCAF in implanted
scaffolds (Figure 5.2B) (1.9 +/- 1.2 times higher than PT) or lungs (Figure 5.2C)
(18.1 +/- 22.3 times higher than PT). Collectively, these studies demonstrate that
SCAF are more metastatic than PT and more comparable to LUNG.
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5.5.3 Scaffold-captured cells display distinct phenotypic behavior in vitro
As scaffold-captured cells were highly metastatic in vivo, we next investigated the
lines in vitro to identify mechanisms of enhanced metastasis. Assays were performed
to analyze migration and invasion as well as cancer stem cell characteristics. Using a
standard scratch assay, migration into a defect was quantified. Representative images
demonstrate migrating tumor cells at 0 and 12 hours following the scratch (Figure
5.3A). PT and LUNG samples demonstrate failure to generate closure (7/12) or
partial closure (5/12), and show no samples with full closure (Figure 5.3B). For the
SCAF cell line, a statistically significant increase was observed in both partial (9/12)
and total (2/12) closure and a significant decrease in no closure (1/12) was observed
relative to PT and LUNG (p<0.05 via Fishers Exact Test).
The invasion characteristics were measured using a transwell invasion assay. Rep-
resentative images are provided (Figure 5.3C). PT and LUNG invaded at a rate of
44 +/- 17 and 51.3 +/- 18.1 cells/image respectively (Figure 5.3D). Consistent with
the scratch assay, a significant increase in the number of SCAF cells were observed,
with 109 +/- 44 cells/image respectively. The results demonstrate that SCAF cells
have a higher capacity for invasion and migration than either PT or LUNG.
We next investigated expression of cancer stem cell markers in each cell population.
Using flow cytometry, we evaluated the expression of EpCAM, CD44 and CD24. Rep-
resentative plots are provided, showing relative levels of EpCAM+ and CD44+CD24-
cells in cell lines (Figure 5.4A). PT cells had 6.2 +/- 0.2% EpCAM+CD44+CD24-
(CSC+) cells. A significantly increased proportion of CSC+ cells (7.3 +/- 0.2%) was
observed for SCAF (Figure 5.4B). LUNG had a significantly decreased percentage
of CSC+ cells relative to both PT and SCAF (5.3 +/- 0.4%) (Figure 5.4B).
The stem cell characteristics were also investigated via mammosphere assay, which
measures self-renewal in suspension. Representative images are provided (Figure
5.4C), demonstrating mammosphere formation for SCAF, PT, and LUNG cell lines.
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Figure 5.3: SCAF cell line is more migratory and invasive than PT cell line
and similar to metastatic cell lines. SCAF and PT cells were an-
alyzed in parallel for migration and invasion ability to close a scratch
in 12h. SCAF cells close a scratch faster than PT and LUNG cells with
representative images (scale bar 100 m) (A) and as quantified by the num-
ber of scratched with no closure, partial closure, or complete closure (B)
(*p<0.05 relative to PT and LUNG via two tailed t-test, n=12 distinct
samples per condition). SCAF cells were found to be more invasive as
determined by transwell invasion assay than PT and LUNG cells with
representative images (scale bar 400 μm) (C) and quantified as the num-
ber of invading cells in each 5x field of view (n=6 distinct samples per
condition) (D).
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PT generated 4.3 +/- 1.5 spheres/well of a 24 well culture dish, which was comparable
to the LUNG, which was 3.9 +/- 1.9 spheres/well (Figure 5.4D). SCAF had signif-
icantly increased mammosphere formation capability with 9.4 +/- 3.1 spheres/well
(p<0.05 relative to PT, and LUNG). Additionally, mammospheres in the SCAF line
were much larger than PT or LUNG, however we cannot rule out that this was a
result of aggregation of individual spheres thus only sphere number was quantified.
Collectively, these results demonstrate that the scaffold sequesters a population of
cells that have increased capacity for migration and invasion, and increased propor-
tion of cancer stem cells, both of which could contribute to the survival advantage
provided by the scaffold.
5.5.4 Scaffold-captured cell transcriptome is more similar to Lung derived
than PT derived cells
We next utilized RNAseq to characterize transcriptomic differences between the
cell lines that might account for their phenotypic properties. We identified 14,232
genes with measured expression, 2901 of which were differentially expressed (Benjamini-
Hochberg corrected p<0.05 and log fold change >0.6) between SCAF and PT cells
and 14,572 genes with measured expression, 2,398 genes of which were differentially
expressed between SCAF and LUNG cells. A small subset of the most differen-
tially expressed genes (Supplemental, Figure 5.9A) was confirmed using qRT-
PCR (Supplemental, Figure 5.9B). Of this set of genes, the vast majority (19/20)
were found to be more similarly expressed between SCAF and LUNG compared to
SCAF and PT. The PAM50 gene set [173] was interrogated, and the majority of
genes (35/50) were more similarly expressed in SCAF and LUNG when compared to
SCAF and PT. These genes included Myc, MDM2, ESR1, ERBB2, EGFR, CCNB1,
CXCR1, IL8, IL6R, IL6ST. Using unsupervised hierarchical clustering with all sam-
ples and genes, SCAF cells clustered separately from all PT samples and all but one
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Figure 5.4: Scaffold-captured tumor cell line shows higher proportion of
cancer stem cell like cells. (A) Representative flow plots for SCAF,
PT, and LUNG cell lines. (B) Percentage of EpCAM+CD44+CD24- can-
cer stem cells (n=3 distinct samples per condition). (C) Representative
images of mammospheres from SCAF, PT, and LUNG cell lines. (D)
Number of mammospheres per well for each cell line. (n=12 distinct
samples per condition). Error bars represent s.e.m. *p<0.01 relative to
PT, and LUNG lines via two tailed t-test.
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LUNG sample (Figure 5.5A). Using gene set enrichment analysis (GSEA), TNFα
via NFκB signaling and epithelial-to-mesenchymal transition (EMT) were positively
enriched and glycolysis was depleted in SCAF (false discovery rate q-value <0.25 and
p<0.05) relative to PT (Figure 5.5B). EMT was also enriched in SCAF relative
to LUNG (Figure 5.5C) along with E2F Targets, Myc Targets, and G2M Check-
point. Similarly, Estrogen Response and Myogenesis were depleted in SCAF relative
to both PT and LUNG and Peroxisome and IL-6, JAK/STAT3 signaling were de-
pleted in SCAF relative to LUNG (Figure 5.5C). No pathways were enriched in
PT relative to LUNG by GSEA, however TNFα via NFκB signaling was enriched
in LUNG relative to PT (NES 1.969 with FDR q-value <0.001). Collectively, this
analysis of gene expression indicates that the SCAF phenotype aligns more closely to
LUNG than to PT.
5.5.5 Scaffold-captured cells have a distinct chromatin structure resulting
in functional changes consistent with enhanced aggressiveness and
metastatic ability
We subsequently compared SCAF and PT cell lines by Hi-C [174] to investigate
chromatin structure and genome organization differences that may give rise to differ-
ential gene expression and resultant functional behavior including metastatic pheno-
type. Hi-C data was collected from SCAF and PT lines and analyzed in conjunction
with RNAseq results at three scales: 1 Mb, 100 kb, and gene/pathway level binning
(Supplemental, Figure 5.10). Overall, the Hi-C matrices appear similar with the
same translocations and copy number changes visible within the Toeplitz normalized
matrices at 1 Mb binning (Figure 5.6A). With filtering to the 95th percentile of
each matrix, translocations are visible as blocks of strong trans interchromosomal
interactions and unbalanced and balanced translocations have an L or X appearance
respectively and were found to be matched between SCAF and PT (Supplemental,
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Figure 5.5: Scaffold-captured tumor cell line shows distinct transcriptome
from PT and similar to LUNG by RNAseq demonstrating 2901
differentially expressed (DE) genes relative to PT (of 14232 with measured
expression) and 2398 DE genes relative to LUNG (of 14572 with measured
expression). (A) Heat map with unsupervised hierarchical clustering of
all genes with measured expression for SCAF (S1-S6, n=6), PT (P1-P3,
n=3), and LUNG (L1-L3, n=3) demonstrating SCAF cells have a distinct
transcriptome relative to LUNG and PT but cluster more closely with
LUNG than PT. (B) Gene set enrichment analysis (GSEA) enrichment
plots for pathways altered in SCAF transcriptome relative to PT (C)
Gene set enrichment analysis for Hallmark pathways positively enriched
in SCAF vs PT and SCAF vs LUNG (red) and negatively enriched in
SCAF vs PT and SCAF vs LUNG (blue) (false discovery rate q-value
<0.25 and p-value <0.05)
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Figure 5.11A). Copy number changes can also be visualized by looking at the sum
of Hi-C contacts at 100 Mb binning for each chromosome and these were also found
to be concordant between SCAF and PT (Supplemental, Figure 5.11B). Addi-
tionally, the copy number normalization method published by Seaman et al.[175] was
utilized to investigate differential breakpoints. No differential breakpoints were found
between SCAF and PT samples. Normalized 1 Mb Hi-C contact matrices were first
investigated for large-scale structural differences by summing the counts for each 1
Mb bin in one dimension. Bins with a value more than 4 standard deviations above
the mean were identified as altered in structure and starred in red (Figure 5.6B)
with all having higher contact density in SCAF compared to PT. These altered bins
were then investigated for changes in gene expression (Figure 5.6C), which showed
that the increased genomic interaction measured by Hi-C was accompanied by an
increase in expression in SCAF relative to PT for the majority of bins. For bins
with altered gene expression the average number of genes per bin that were differ-
entially expressed with a log2 fold change >0.6 was significantly increased relative
to randomly selected bins of the same number of genes (p<0.05). Next, eigenvalue
decomposition (Figure 5.6D) and calculation of entropy difference between sam-
ples was performed on 100 kb binned matrices for each chromosome (Figure 5.6E)
demonstrating enhanced entropy in SCAF relative to PT for the majority of chromo-
somes. Additionally, the Fiedler vector (the eigenvector associated with the second
smallest eigenvalue of the Laplacian matrix [176]) was calculated for each 100 kb
binned matrix for each chromosome and plotted with the Hi-C contact matrix and
RNAseq at the same binning. Structural differences from PT to SCAF were found in
the Fiedler vector for chromosomes 11 (Figure 5.7A), 18 and 21 (not shown).
Next, Hi-C contact matrices were generated at the gene level for the whole genome
(Figure 5.7B, top) and individual chromosomes 18 and 21 identified as altered in
structure at 1 Mb and 100 kb (Figure 5.7B). Finally, changes in centrality were
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Figure 5.6: SCAF tumor cells show distinct genome structure identified by
Hi-C. (A) Hi-C contact matrices for SCAF and PT cells at 1 Mb binning.
(B) Contact density difference (SCAF-PT) for each 1 Mb bin calculated
by summing the counts for each bin in one dimension. Bins with a value
more than 4 standard deviations above the mean were identified as altered
in structure and starred in red. (C) Log2 fold change in gene expression
for SCAF/PT plotted for each of the altered bins identified in B. For
identified bins with higher counts for SCAF, most have a corresponding
higher gene expression. (D) Eigenvalue decomposition of 100 kb Hi-C
matrices for each chromosome showing subtle differences in the eigenval-
ues for both samples. (E) Entropy difference for SCAF - PT calculated
for each chromosome at 100 kb resolution.
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calculated for each gene (Hi-C) and combined with gene expression (RNAseq) in
principal component analysis (PCA) to reduce the dimension of the data while main-
taining meaningful variability. Projections of each bin onto the first two PCs are
shown (Figure 5.7C). To quantify which genes have the greatest change, the distance
in the PC space from PT to SCAF samples was calculated. Genes whose distance
from PT to SCAF changed more than 4 standard deviations from the mean whole
genome distance were identified as altered in structure/function. KEGG pathways
were then selected based on RNAseq (Figure 5.5C) to investigate enrichment of
structure/function changes within subsets of genes (Table S3). By centrality analy-
sis the KEGG MAPK, ErbB, HIF-1α, FoxO, mTOR, PI3-Akt, AMPK, VEGF, Focal
Adhesion, TNFα, Leukocyte Transendothelial Migration, Cancer, and Breast Can-
cer pathways were significantly altered from PT to SCAF (p<0.05) (Figure 5.7C).
Similarly, distances greater than 4 standard deviations above the mean could be ob-
served for specific genes within pathways including COL6A1, FN1, and CTNNB1 for
the Focal Adhesion pathway (Figure 5.7C). Finally, based on GSEA implicating
NFκB as a key regulatory pathway, genes with NFκB binding sites were investigated
for changes in structure/function. By centrality analysis, genes with NFκB binding
sites were significantly altered in structure and function. Altered genes more than 4
standard deviations above the mean were identified including HSP90AB1, COL7A1,
EIF5A, and BRD2 among others (Figure 5.7C). Taken together, these results indi-
cate we can identify genome structure organizational differences that are associated
with development of a metastatic phenotype.
5.6 Discussion
In this study metastatic tumor cells derived from those captured by microporous
PCL scaffolds in vivo were investigated for their phenotype relative to tumor cells
from the primary tumor, and metastatic lung lesions. This work was motivated by
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Figure 5.7: SCAF cells demonstrate differential structure and function re-
lationships from PT cells. Structure (Hi-C matrix and corresponding
Fielder Vector) and function (RNAseq) investigated at the 100kB level
for Chromosome 11 (A). Structure relationships for the whole genome
(top) for SCAF and PT and differences in gene level contacts for chro-
mosome 18 and 21 visualized as the SCAF matrix PT matrix (bottom)
(B). Gene level centrality analysis for the whole genome comparing struc-
ture/function for SCAF and PT pairs for each gene connected by dashed
black line (C). KEGG pathways investigated for difference in centrality
distance from SCAF to PT for genes in a given pathway, red stars indi-
cate pathways that are significantly different from the mean genome-wide
centrality distance by two tailed t-test. Centrality distance for SCAF PT
calculated for KEGG Focal Adhesion Pathway and for genes with NFκB
binding sites. Red stars indicate genes that are more than four standard
deviations above the genome-wide mean centrality distance.
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the idea that scaffold-captured cells may be more easily sampled, while accessing
organ-derived metastatic cells would necessitate an invasive biopsy with potential for
high morbidity and false negative results dependent upon the extent of disease pro-
gression. Our work and that of others have demonstrated that scaffolds recapitulate
multiple elements of the pre-metastatic niche in vivo along with the capacity to cap-
ture metastatic cells within a biomaterial implant [151]. Analyzing these cells along
the continuum of cancer cell phenotypes provides a foundation for using a scaffold
biopsy to impact patient care, such as for the development of personalized therapies
[177]. We developed stable cell lines from metastatic locations in order to have suf-
ficient numbers of cells for in depth in vitro behavioral, functional, and molecular
assays and in vivo metastasis assays. Notably, the scaffold-derived tumor cells were
highly metastatic in vivo, demonstrated substantial invasiveness in vitro, and molec-
ular analysis indicated these cells were similar to cells derived from metastatic lung
lesions.
SCAF and LUNG were more highly metastatic than PT in vivo, supporting the
notion that cells captured by the scaffold represent a population with the ability to
successfully metastasize and colonize a tissue. Interestingly, the SCAF line showed
comparable ability to metastasize to both scaffold and lung tissues, which differs from
literature that has reported cell proclivity to metastasize to the location of origin
[64, 178, 179]. The concordant metastatic tropism to lung for both SCAF and LUNG
suggests that the metastatic traits of SCAF are not site specific yet are indicative of
overarching traits required for metastasis. Consistent with increased aggressiveness
in vivo, scaffold-captured cells were more migratory, invasive, and stem-like in vitro
than cells from the primary tumor. These results provide the first evidence that tumor
cells derived from biomaterial scaffolds are a functionally aggressive and metastatic
population of cells, with the capacity to spread to distal sites and compromise organ
function.
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Unsupervised hierarchical clustering of RNAseq data identified that SCAF clus-
tered more closely with LUNG than with PT. Additionally, upon investigation of the
top differentially expressed genes between SCAF and PT, 19/20 of these genes showed
greater homology between SCAF and LUNG when compared with SCAF and PT.
Similarly, for the PAM50 gene set 35/50 genes had more similar expression between
SCAF and LUNG than for SCAF and PT. Collectively, these results indicate that
scaffold and lung-derived cells, both originating from metastatic sites, show greater
homology compared to scaffold-captured cells and those derived from the primary
tumor.
Further investigation of the tumor cell phenotypes by GSEA identified pathways
significantly enriched/depleted in SCAF cells relative to PT and LUNG. Hallmark
pathways [180] enriched in SCAF relative to PT included TNFα signaling via NFκB,
Epithelial to Mesenchymal Transition (EMT), Angiogenesis, and Complement. TNFα
signaling through NFκB has been shown to enhance stemness of breast cancer cells
[134], angiogenesis and complement are indicators of metastasis and survival in pa-
tients [181, 182], and EMT is closely linked to metastasis and stemness [183, 184].
Interestingly, EMT is enriched in SCAF relative to both PT and LUNG. This ob-
servation, in combination with the ideas that (i) the earliest metastatic tumor cells
colonized the scaffold prior to the lung [31], (ii) SCAF are more homogeneous than
LUNG, as demonstrated by hierarchical clustering, (iii) IL-6 JAK/Stat3 signaling was
enriched in LUNG relative to SCAF which may enhance metastasis in vivo through
paracrine communication with myeloid derived suppressor cells but may not influence
phenotype in vitro [185] and (iv) SCAF cells are more stem-like and demonstrate
higher entropy/plasticity may explain why the SCAF line was more migratory and
invasive than the LUNG line in vitro. Hallmark pathways enriched in SCAF relative
to LUNG also included E2F targets [186], Myc targets [187], and G2M checkpoint
[187]: all important axes in breast cancer. Peroxisome and IL-6 JAK/Stat3 signaling
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were enriched in LUNG relative to SCAF and have been implicated in therapeutic
resistance [188] and stemness [185]. Importantly, TNFα signaling through NFκB was
enriched in both SCAF and LUNG relative to PT, indicating this may be the cru-
cial pathway for gaining enhanced metastatic ability for these cells. These results
suggest that LUNG and SCAF may evolve toward similar phenotypes through the
same dominant transcriptional program (TNFα via NFκB) but with different acces-
sory programs facilitating site-specific adaptations (i.e. SCAF with EMT and LUNG
with IL-6 JAK/Stat3 signaling) [185], which is consistent with other observations of
metastatic lines [85]. This supports the use of scaffold as a sampling location and also
suggests that both metastatic locations are derived from a similar pool of cells yet
may experience differential evolutionary pressure and adaptation at different distal
sites. The scaffold has the capacity to provide a sampling site that would be clinically
easy to access relative to an organ biopsy and contains a source of cells with clear
phenotypic and molecular similarities to the pathologic metastatic site.
The underlying genome/chromatin organization role in the development of metastatic
phenotype from PT to SCAF was identified with Hi-C. Using a multi-scale approach,
we found structural changes linked to functional outcomes at all points. Critically,
for all except chromosome 4, entropy for SCAF was higher than PT, indicating a
more dysregulated network consistent with the concept of increased aggressiveness
and phenotypic flexibility that are hallmarks of stemness and metastasis [189–191].
We chose to analyze SCAF as a surrogate for other metastatic sites due to the in
vivo and transcriptomic similarity of these cells to the LUNG. Importantly, no copy
number changes or additional translocations were observed, indicating the karyotype
from PT to SCAF was conserved. Even at 1 Mb binning analysis of whole genome
contact density we found structural differences between SCAF and PT indicating
areas of chromosomes 11, 18, and 21 with a higher density of intrachromosomal
contacts for SCAF. Interestingly, there were no locations identified where PT had
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higher contact density. Investigating these altered bins further, we found the vast
majority had higher expression in SCAF indicating increased connectivity resulted in
enhanced gene expression. Similarly, we observed subtle changes in both eigenvalue
decomposition and Von Neumann entropy for each chromosome. At 100 kb we found
chromosomes 11, 18 and 21 identified by contact density at 1 Mb to have differ-
ences in Fiedler vector consistent with a change in structure from SCAF to PT. We
also investigated the centrality of each chromosome at the gene level (structure) and
gene expression (function) for the whole genome and identified significantly altered
pathways in structure/function. Implicated genes in these pathways include many
genes associated with metastasis and stemness including COL6A1, FN1, ITGA3,
IL11, IL6ST, IL8, and TGFβR2. In particular, IL8 has been implicated in enhanced
stemness, aggressiveness [192, 193], and resistance to therapy [194]. Finally, based on
GSEA of RNAseq data implicating TNFα via NFκB signaling as the common tran-
scriptional program associated with metastatic phenotype in both SCAF and LUNG
cells, we investigated structure/ function relationships for genes with NFκB binding
sites. We found this gene set to be significantly altered from PT to SCAF in struc-
ture/function. This further supports NFκB as one of the major drivers of phenotypic
change from non-metastatic to metastatic phenotype [195–197]. Our data are among
the first to connect genome/chromatin structure alterations to changes in functional
gene expression driving metastatic phenotype.
5.7 Outlook
Our results provide primary evidence that biomaterial scaffold-captured tumor
cells are a functionally aggressive and metastatic population capable of distal organ
colonization. Taken together, this work demonstrates scaffold recruited tumor cells
are similar to other metastatic sites, but also represent a population of highly ag-
gressive, stem-like cells whose capture may hold promise for reducing breast cancer
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mortality. Additionally, these results support the possibility that metastatic pheno-
type can be gained through changes in genome structure impacting functional gene
expression rather than mutational alterations. Heritable alterations in tumor cell
phenotype and plasticity thus may be equally as important as mutational changes
for development of metastatic ability. The scaffold platform technology provides a
unique opportunity to analyze the earliest metastatic cells, enabling the analysis of
tumor cells that have left the primary tumor and colonized a distal site. This plat-
form provides an unprecedented opportunity for analysis and development of tools
for personalized medicine.
5.8 Methods
5.8.1 Scaffold fabrication and implantation
Microsphere preparation. PCL microspheres were prepared by emulsification of
a 6% (w/w) solution of PCL (Lactel Absorbable Polymers; Inherent viscosity 0.65-
0.85 dL/g) in dichloromethane in a 10% (w/v) poly(vinyl alcohol) solution followed
by homogenization at 10,000 rpm for 1 minute. The solution was then stirred for
3 hours to evaporate dichloromethane solvent. Microspheres were then collected by
centrifugation at 2000 x g for 10 minutes and washed at least five times in deionized
water. Finally, microspheres were lyophilized for 48 hours.
Scaffold fabrication. Microporous PCL scaffolds were prepared by mixing PCL
microspheres and sodium chloride crystals (250-425 μm in diameter) at a 1:30 (w/w)
ratio. This salt and polymer microsphere mixture was then pressed in a steel die for
45 seconds at 1500 PSI. Polymer/salt disks were then heated at 60C for 5 minutes
per side to melt polymer microparticles around salt crystals to form a continuous
structure. Salt crystals were subsequently removed by immersion in water for 1.5
hours. Scaffolds were then disinfected for animal studies using 70% ethanol, rinsed
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with sterile water, and dried on a sterile surface.
Scaffold Implantation. All animal studies were performed in accordance with
institutional guidelines and protocols (PRO00007801) approved by the University of
Michigan Institutional Animal Care and Use Committee. Scaffolds were implanted
into the dorsal subcutaneous space of 8-week-old female NOD/SCID-IL2Rγ-/- (NSG)
mice (Jackson Laboratory) immediately above the shoulder blades and as physically
distant from the fourth-right mammary fat pad as possible. For the implantation
procedure, animals were anesthetized via isoflurane (2%, inhaled), prepared with
Carprofen analgesia (5 mg/kg, subcutaneous injection), the upper back was shaved
and prepped using a Betadine swab followed by an ethanol swab and this procedure
was repeated 3 times. A fenestrated sterile field was draped over the surgical area and
a 1 cm incision was made in the upper back. Following incision, subcutaneous pockets
were created perpendicular to the incision, into which sanitized scaffolds were inserted
(2 scaffolds/mouse). The skin was then closed using sterile wound clips (Reflex 7 mm,
Roboz Surgical Instrument Co).
5.8.2 Tumor inoculation
Tumor inoculations were performed by injection of 2e6 MDA-MB-231BR-tdTomato-
luc2 (parental line, Northwestern University Developmental Therapeutics Core) or
231BR-SCAF,-PT, or -LUNG derived cell lines in 50 μL PBS (Life Technologies)
into the fourth right mammary fat pads of 10-week-old female NSG mice (Jackson
Laboratory). Cell lines were confirmed to be pathogen- and mycoplasma-free and au-
thenticated by short tandem repeat DNA analysis and compared to the ATCC STR
profile database (DDC Medical).
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5.8.3 Magnetic Mouse Cell Depletion and Culture
Mice were euthanized four weeks following tumor inoculation and scaffolds and
organs were retrieved and washed in Hanks Balanced Salt Solution (HBSS, Life Tech-
nologies). Samples were minced using microscissors in Liberase TL or TM (0.38
mg/mL, Roche) and incubated at 37C for 20 minutes. Following incubation with
liberase, the enzyme was neutralized via addition of 0.5M EDTA (Life Technologies)
and digested tissues were strained through a 70 μm filter in FACS buffer [PBS (Life
Technologies) with 0.5% Bovine Serum Albumin (Sigma Aldrich) and 2 mM EDTA
(Life Technologies)]. Cells were counted using a Countess Automated Cell Counter
(Invitrogen) and magnetically sorted using a Mouse Cell Depletion Kit (Miltenyi) ac-
cording to manufacturer instructions. Human cell fractions were cultured in DMEM
D6429 (Sigma Aldrich) with 10% FBS and 1% penicillin/streptomycin until growth
of tumor cell colonies was evident. Following the first passage of cells, culture was
continued without antibiotics. Care was taken to minimize passage number of tumor
cells, for all experiments the passage number was less than ten.
5.8.4 Flow cytometry to identify tdTomato+ tumor cells
For quantification of in vivo metastatic ability of 231BR-SCAF, -PT, and LUNG
derived cell lines, mice were euthanized three weeks after tumor inoculation and re-
trieved scaffolds and lungs were washed in HBSS (Life Technologies) and processed
with liberase as described for Magnetic Mouse Cell Depletion above. Following isola-
tion of a single cell suspension, tdTomato+ tumor cells were quantified using a MoFlo
Astrios Flow Cytometer (Beckman Coulter). The detection sensitivity for cancer cells
via flow cytometry was 0.002% (i.e. 5 cancer cells in 250,000 total cells) [31]. Gat-
ing strategy is provided in Supplemental, Figure 5.12A. Metastasis assays were
repeated twice.
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5.8.5 Scratch assays
Scratch assays were performed as described by Justus et al [198]. Briefly, cells
were seeded in 24 well plates and allowed to grow to form a confluent monolayer. A
sterile 200 μL pipette tip was used to create a wound in the monolayer. The surface
was washed with PBS (Life Technologies) to remove any detached cells and replaced
with media. Images were taken immediately after wounding, 5h and 10-12h after
wounding. Results were quantified by identification of the proportion of scratches
that had no closure at endpoint (no cells touching from either side of wound), partial
closure (at least 2 cells from either side of wound in direct contact), or complete
closure (no evidence of wound remains). Assays were repeated 3 times.
5.8.6 Transwell invasion assays
Transwell assays were performed as described by Justus et al. [198]. Briefly, Ma-
trigel invasion chambers (BD Biosciences) were rehydrated for 30 min at 37C using
500 μL serum-free media. 750 μL of chemoattractant media (serum-containing) was
placed in the receiver well plate. Cells were harvested using TryplE (Life Technolo-
gies), counted and suspended at 50,000 cells/mL in serum-free media. Rehydrated
invasion chambers were transferred to receiver well plate containing chemoattractant
and 500 μL of cell suspension was added to each insert. Care was taken to prevent
trapped air between the insert and chemoattractant media. Assays were incubated
for 24h at 37C and subsequently stained and fixed using crystal violet in ethanol.
Invaded cells were imaged directly on the membrane using a Nikon Eclipse inverted
microscope and imaged at 10X. Four images per well were captured and cell num-
bers were quantified in ImageJ using automatic particle counting with constant image
thresholds. Assays were repeated three times.
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5.8.7 Cancer stem cell marker flow cytometry and mammosphere assay
Proportion of cancer stem cell like tumor cells in each cell line was determined
by quantification of EpCAM+CD44+CD24- cell population by flow cytometry. Tu-
mor cells were harvested using TryplE (Life Technologies), counted and suspended at
1e7 cells/mL. Cells were evenly split between control and test conditions and stained
with anti-human BV421 EpCAM (clone EBA-1, BD Biosciences), PerCP-Cy5.5 CD44
(clone G44-26, BD Biosciences), and PE/Cy7 CD24 (clone ML5, Biolegend). Samples
were run on MoFlo Astrios Flow Cytometer (Beckman Coulter) and data processed
using FlowJo (TreeStar Inc.). Gating strategy is provided in Supplemental, Figure
5.12B. Cancer stem cell marker flow cytometry was repeated three times. Mammo-
sphere assays were performed as described by Tarasewicz et al. [199]
5.8.8 RNAseq sample preparation, library construction, and sequencing
Cells were harvested using TryplE (Life Technologies), counted and suspended
at 5e6 cells/mL. RNA was isolated using High Pure RNA Isolation Kit (Roche)
according to manufacturer instructions. Isolated RNA concentrations were quantified
using NanoDrop 2000 (Thermo Fisher) and resuspended at 80 ng/μL. RNA samples
were kept at -80C until further use. RNA quality was assessed using an Agilent 2100
Bioanalyzer. The DNA Sequencing Core at University of Michigan performed library
construction and sequencing using the Hiseq-4000 platform using single-end 50-base
sequence reads with a multiplex of 6 per sequencing lane.
5.8.9 Transcriptome analysis
Transcriptome analysis was performed as previously described [175]. For RNAseq
data processing the raw reads were checked with FastQC to identify potential qual-
ity issues in the raw data. Next, Tophat and Bowtie were used to align the reads
to a human reference transcriptome (HG19). Alignment settings were kept on de-
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fault except for -b2-very-sensitive, -no-coverage-search and -no-novel-juncs in order
to limit the search to known transcripts only. FastQC was then performed again on
the mapped reads. Cuﬄinks/Cuffdiff were then utilized to quantify expression and
perform differential expression analysis using parameter settings multi-read-correct
and upper-quartile-norm. CummeRbund was then used to format the cuﬄinks out-
put. Benjamini-Hochberg procedure was used in CummeRbund for multiple testing
method correction. Gene level analysis was performed using fragments per kilobase
per million reads (FPKM) values outputted by Cuﬄinks and log2 fold change with
pseudocounts. Bin level gene expression vectors were calculated using raw counts
outputted by cuﬄinks and adding up the counts for all the genes in each bin then
normalizing by million reads to convert them to FPM. Gene Set Enrichment analysis
[200, 201]was performed with GSEA v3.0 software.
5.8.10 Hi-C sample preparation, library construction, and sequencing
Hi-C library construction was performed as described by Chen et al [202]. Briefly
2e6 cells for each condition were crosslinked with 1% formaldehyde (Fisher Scientific)
in serum-free media for 10 min at room temperature and subsequently quenched with
glycine (Sigma Aldrich) to a final concentration of 0.125 M. Crosslinked cells were
flash frozen in liquid nitrogen and stored at -80C until the construction of libararies.
Crosslinked cells were thawed on ice and resuspended in 1 mL lysis buffer (10 mM
Tris-HCl, 10 mM NaCL, 0.2% Igpel (Signma Aldrich) and incubated for 15 min. Cells
were next homogenized on ice and the lysate was transferred to a 1.7 mL tube. Cells
were collected by centrifugation (5 min at 2000xg) and washed twice in NEB buffer.
HindIII digestion was then performed in NEB buffer at 37C overnight. Following
digestion, restriction overhang ends were filled and labeled with biotin. Samples were
then ligated at 16C for 4 h in a reaction containing 1x ligation buffer, 1% Triton
X-100 (Sigma Aldrich), 1 mg/mL bovine serum albumin (Fisher Scientific), 10 mM
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ATP (Sigma Aldrich) and 50 u T4 DNA ligase (Life Technologies). Proteinase K (0.5
mg, Life Technologies) was then added and incubated for 4 h at 65C. After this incu-
bation an additional 0.5 mg proteinase K was added to each tube and the incubation
was continued overnight at 65C. DNA was then extracted using phenol:chloroform
(1:1) and desalted using AMICON ultra centrifugal filter unit (Millipore) with 1x
TE buffer. Biotin was then removed from un-ligated ends, DNA purified with signle
phenol extraction and precipitated by addition of ethanol. DNA was resuspended in
water and fragmentation was performed using a sonicator (Covaris). Fragments of
200-400 bp were recovered with Agencourt AMPure XP (Beckman Coulter) utiliz-
ing manufacturer protocols. DNA fragment ends were repaired and purified with a
MinElute column, and A-tailing was performed. Streptavidin pull-down of biotiny-
lated Hi-C DNA was performed. Illumina adapter ligation was then performed and
then DNA was amplified by 15 PCR cycles for Illumina HiSeq Sequencing. A standard
quality control protocol was performed prior to sequencing and all libraries passed.
Samples were pooled and sequence in a single lane of a flow cell on HiSeq 4000 to
generate paired-end sequence reads at 100 bases per end read.
5.8.11 Nucleome analysis
Generation of Hi-C Matrices: A standard pipeline was used to process Hi-C se-
quence data using the University of Michigan Bioinformatics Core facilities. Raw
sequence reads were processed with FastQC for data quality control and paired-end
reads were mapped to the HG19 reference human genome using Bowtie2. HOMER
was used to develop the contact matrix at 100 kb and 1 Mb resolution. Analysis of
Hi-C Matrices: Hi-C matrices were normalized, plotted, and analyzed in conjunction
with RNAseq data for cell lines using the 4D Nucleome Analysis Toolbox (4D-NAT)
described by Seaman et al [175].
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5.8.12 Whole Exome Sequencing
Sequencing : SCAF, PT, and LUNG cell lines were cultured and passaged as
described above. Roughly 2e6 cells were isolated and genomic DNA was isolated with
Qiagen DNEasy kit according to manufacturer instructions. Samples were submitted
to the UMich DNA sequencing core and the core performed quality control, exome
capture using the Nimblegen Human Exome Capture kit, and paired-end sequencing
at 150 bases per end read using the Illumina HiSeq-4000 platform with 100x coverage
for each cell line.
Analysis : Genestack platform was used for analysis of whole exome sequencing
data. Quality control was performed using FastQC algorithm Adaptors and contami-
nants were trimmed according to methods published by Aronesty et al [203] and then
sequences were mapped onto the human reference genome HG19. Quality control of
the mapped reads was again performed using the FastQC algorithm. Variant calling
and effect prediction was then performed using SAMtools and SnpEff algorithms re-
spectively and variants were selected to only include those resulting in missense or
nonsense mutations with a quality >60. Gene ontology analysis of mutant genes was
then performed using the Gene Ontology Consortium software (Consortium 2004).
5.9 Supplementary Figures
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Figure 5.8: Whole exome sequencing demonstrates similar numbers of mu-
tations for all samples. Venn diagram showing intragenic missense or
nonsense mutations relative to human hg19 (GRCh37) reference genome
with quality greater than 60 for each line and those that are shared among
cell lines.
Figure 5.9: RNAseq supplemental information. (A) Heat map of top differen-
tially expressed genes between SCAF, PT, and LUNG cells, TPM nor-
malized to SCAF across two RNAseq experiments. (B) Gene expression
of selected genes by qRT-PCR, delta-delta-cT relative to PT. Heatmaps
normalized across row for each gene for each data set.
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SCAF PT LUNG SCAF/LUNG SCAF/PT PT/LUNG
ACC112205.1,
CCNG1
AC008267.1,
GS1-
124k5.2
AK4 AC093495.4,
RP11-434D12.1,
XPC
AC091435.1 AC010907.5,
DCDC2C
AP000487.5,
PPF1A1
AC015989.2 BHLHE22 AIDA ANKRD20A2 AL161645.1,
SYCE1
C4orf32 AC105052.1 CANX BAGE4 ANO2 ARFGAP1
CPEB4 CDH13 CD8A CABP2 C1ORF220,
C1orf220
C12ord76
CTD-
2571L23.8,
GLTSCR1
CEL,
RP11-
326L24.4
FAM21A CTB-186G2.1,
MAP4K1
C20orf111 CGB7
DNM2,
TMED1
CREG2 FBXO34 CTD-2611O12.2 CASS4 CNOT6L
DPAGT1 DNAJC25 FLJ22184 CTNNA3, LR-
RTM3
CBX2 ENG
FAM27D1 HBG1 IER5L FAM111A CCBP2,
RRP7A
F2RL3
FBXO17,
SARS2
HCAR1,
RP11-
324E6.6
LEFTY1 GOLGA8L CCDC92,
DNAH10
HERC3,
NAP1L5
IGHV4-
59
IP6K2 LYZL2,
RP11-
14C22.5
HSD3B1 CCNO KLRG2
KRT6C OR6C76 MGAT2 KHNYN CKAP4 NLRX1
NKX1-1 RP3-
402G11.5
OR4K1 MEDAG ELF3, RP11-
510N19.5
PRKRA
NRXN2 ZNF787 PLBD2,
SLC4A6
MEGF9 FAM21B RNF224
PCYOX1L PLEKHA7 NIN HHIPL1 RP11-757C15.3,
RP11-849H4.2
POTEI PSPC1 PRR4,
TAS2R30
INSL3 SCAP
RASIP1 RECQL PR13-578N3.3 KCNK17 TRBV11-1
SCAF11 RRP7A SFRP4 MAP4K1 UCHL1
STK35 TBX1 SLC4A2 MYB ZNF302
TM4SF1 VQA5A SOD3 OR4K1,
ZMYM5
TCF15 PARVG, RP11-
944L7.4
PBX1P1
PTPN7
RANBP2
RP1-93H18.6
SLC35E2B
SNX29P2
TAOK3
ZNF683
Table 5.1: Intragenic missense or nonsense mutations with quality greater
than 60 for each cell line (SCAF, PT, LUNG) and those shared between
each pair (SCAF and LUNG, SCAF and PT, PT and LUNG.)
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Pathway Altered
Genes
Expected
Genes
Fold
Enrich-
ment
+/- Raw
p-
value
FDR
Diseases of glycosy-
lation
42 18.96 2.22 + 2.54E-
05
1.26E-
02
Diseases associated
with O-glycosylation
of proteins
29 9.41 3.08 + 2.49E-
06
4.96E-
03
O-linked glycosyla-
tion
35 15.14 2.31 + 5.33E-
05
2.12E-
02
Extracellular matrix
organization
69 39.83 1.73 + 8.14E-
05
2.70E02
Olfactory Signaling
pathway
96 57.15 1.68 + 1.02E-
0.5
1.02E-
05
Signaling by Wnt 14 39.42 0.36 - 1.58E-
06
1.05E-
02
Table 5.2: Gene Ontology Terms Significantly Altered in Genes with Muta-
tions in SCAF, PT and LUNG cell lines
Figure 5.10: Schematic of Hi-C and RNAseq data analysis scales
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Figure 5.11: Hi-C does not reveal additional copy number variations,
translocations, or breakpoint mutations between SCAF and
PT cell line. (A) Hi-C contact matrix at 1 Mb binning with filtering
to 95th percentile to show translocations with a butterfly appearance
marked with arrows in both SCAF and PT and the overlay. (B) Sum
of Hi-C counts for each cell line (SCAF in red, PT in blue) for each
chromosome 1-22 demonstrating concordance of translocations and copy
number changes between cell lines.
120
ID Name
hsa04010 MAPK
hsa04012 ErbB
hsa04020 Calcium
hsa04060 Cytokine-Cytokine
hsa04062 Chemokine
hsa04066 HIF-1
hsa04068 FoxO
hsa04150 PI3-Akt
hsa04152 AMPK
hsa04154 Cell adhesion
hsa04310 Wnt
hsa04350 TGF-β
hsa04370 VEGF
hsa04510 Focal Adhesion
hsa04550 Stem Cell Pluripotentcy
hsa04668 TNF-α
hsa04710 Circadian Rhythm
hsa05200 Cancer
hsa05206 miRNAs in Cancer
hsa05224 Breast Cancer
Table 5.3: KEGG Pathways Investigated for Structure/Function Relation-
ships
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Figure 5.12: Gating strategies for flow cytometric experiments. (A) Gating
strategy for analysis of tumor cells in tissues for in vivo metastasis as-
say showing identification of cells, singlets gated by side scatter, singlets
gated by forward scatter, PE+ (tdTomato+) single positive cells, and
finally PE+APC- (tdTomato+ events that are not autofluorescent in the
dump channel APC). (B) Gating strategy for analysis of cancer stem cell
surface markers showing identification of cells, singlets gated by side scat-
ter, singlets gated by forward scatter, EpCAM+ cells gated as BV421+,
and CD44+CD24- cells gated as PerCP-Cy5.5+PECy7-. All gates were
set according to appropriate positive and negative controls and antibod-
ies were tittered to develop assays. Each arrow indicates a nested gate
where the positive population from the previous plot is represented on
the subsequent plot.
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CHAPTER VI
Scaffolds for early detection and therapeutic
benefit in spontaneous models of tumorigenesis
and metastasis
6.1 Authors
Grace G Bushnell, Ramdane Harouaka, Lidong Wang, Shreyas S Rao, Rachel M
Hartfield, Yining Zhang, Robert S Oakes, Diane Simeone, Howard Crawford, Max S
Wicha, Jacqueline S Jeruss, Lonnie D Shea
6.2 Abstract
The formation of distant metastasis represents the shift from a curable disease to
non-curable for most patients. Currently, no clinical method is available to identify
metastasis before it has affected the function of a vital organ. We have developed
a biomaterial implant that recruits immune cells associated with the pre-metastatic
niche and metastasis and thus recruits tumor cells in vivo. This platform has demon-
strated promise in orthotopic mouse models of breast cancer, yet to this point has not
been tested in spontaneous models of tumorigenesis and metastasis which are more
representative of the progression of human disease. Here we show scaffolds recruit
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tumor cells in the PyMT model of spontaneous breast cancer and the KPCY model
of spontaneous pancreatic cancer. In addition to the recruitment of tumor cells, scaf-
fold implantation also facilitated a two order of magnitude improvement in sensitivity
of detection relative to blood in the KPCY model and also reduced metastatic tu-
mor burden in the liver. Scaffolds also demonstrated tumor-progression dependent
immunomodulation in both models, with the changes in immune cell populations di-
verging from breast cancer to pancreatic cancer. Finally, the scaffold platform also
identified differential changes in immune cell crucial to recruitment of metastatic tu-
mor cells in both models including total immune cells in PyMT and dendritic cells
and macrophages in KPCY models. Collectively, our findings demonstrate the util-
ity of scaffolds for the recruitment of tumor cells and reflection of tumor-dependent
immunomodulation in spontaneous models of tumorigenesis and metastasis.
6.3 Introduction
Metastasis is responsible for 90% of cancer-related deaths [149]. The spread of
tumor cells from the location of origin to secondary sites is deadly for two reasons.
First, metastasis is often not detected until the function of an organ has been com-
promised. Second, when chemotherapeutic agents are deployed at this high state of
tumor burden, resistance to these therapies often develops. Methods for the early
detection of metastasis are a crucial need in order to intervene earlier at a time when
tumor burden is low and provide a better opportunity for eradication of the disease.
An emerging technology for early detection of metastasis is biomaterial scaffolds
that recruit metastatic tumor cells in vivo. Degradable microporous materials in-
cluding poly(lactide-co-glycolide) and poly(ε-caprolactone) have been employed to
recruit immune cells associated with the pre-metastatic niche and metastasis which
in turn recruit tumor cells in orthotopic syngeneic mouse [30] and xenogeneic hu-
man [31] models of breast cancer. Similar materials have also been employed for the
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recruitment of leukemic [36], prostate [27], ovarian [29], and melanoma [26] models
of cancer. The utility of simple biomaterials to recruit tumor cells in a diverse ar-
ray of orthotopic and subcutaneous models of metastasis indicates there are common
features of the foreign body response to an implanted material and various material
modifications that may be performed to enhance metastasis to an ectopic implanted
site. However, to date the ability of biomaterial scaffolds to recruit tumor cells has
not been investigated in any spontaneous models of tumorigenesis and metastasis.
Spontaneous models of tumorigenesis recapitulate key features of cancer disease
progression as it occurs in humans far better than orthotopic or subcutaneous models
[204, 205]. For example, in subcutaneous models of metastasis, tumor cells do not
reside in the normal microenvironment of the organ of origin, but instead form a
tumor with the help of Matrigel under the skin. This model does not represent the
selective pressures that exist in the normal tumor microenvironment for a given type
of cancer [206], with the exception of melanoma. In orthotopic models of metasta-
sis, tumor cells are injected into the organ or tissue or origin but already have the
ability to metastasize and thus do not replicate the processes in humans where not
all tumor cells present in the primary tumor are capable of invasion, dissemination,
and metastatic colonization [149, 207]. In spontaneous model of tumorigenesis the
minimum number of genetic insults is provided in a tissue specific manner in order
to cause tumorigenesis in this tissue. This serves in stark contrast to models where
a tumor cell line that has been passaged many times in vitro is injected into a tis-
sue. Tumor cell lines have many more mutations and genetic aberrations relative to
human tumors, are adapted to in vitro culture conditions, and often represent very
late stages of disease [208, 209]. While there are relatively few models of spontaneous
tumorigenesis that also spontaneously metastasize, these provide a better platform
for a more translational model of human tumor development and metastasis.
Though biomaterial scaffolds recruit tumor cells in mouse models of breast cancer
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[30, 31, 34, 42, 152], to date no studies have investigated tumor cell recruitment to an
engineered site in pancreatic cancer. Pancreatic ductal adenocarcinoma has the worst
prognosis of any cancer with a 5-year survival rate of 3% [210]. Low survival is not
only due to the aggressive nature of the primary tumor and impact on a vital organ,
unlike breast or prostate cancer, but due to the very high likelihood of metastasis in
these patients. Pancreatic cancer is often not diagnosed until metastasis has already
occurred [210]. While there is a critical need to develop technologies to identify
metastasis at its earliest stages for all cancers, it is clear that these technologies
could have substantial impact on the diagnosis and progression of pancreatic cancer.
This platform also allows investigation of the ability of biomaterial scaffolds to recruit
tumor cells in cancers that metastasize to different organs (i.e. breast most commonly
to the lung and pancreatic most commonly to the liver).
In this report we use the spontaneous MMTV-PyMT model of breast cancer and
the spontaneous KPCY model of pancreatic cancer to investigate the ability of bio-
material scaffolds to recruit tumor cells and identify tumor dependent immunomod-
ulation.
6.4 Results
6.4.1 Scaffolds recruit tumor cells in a spontaneous model of breast can-
cer
The ability of scaffolds to recruit tumor cells in a spontaneous model of breast can-
cer was initially assessed by implanting scaffolds subcutaneously into RFP+PyMT+
or RFP+ mice at 6 weeks of age prior to palpable tumor formation. Once tumors
reached endpoint size (approximately 13-14 weeks of age) mice were euthanized and
scaffolds, lungs, and primary tumors were explanted for flow cytometric analysis of
RFP+ tumor cells. In order to account for varied RFP background in different tissues
126
present even in the RFP+ tumor-free control mice, each tissue was normalized to the
tumor-free RFP+ control tissue. The highest fold change in RFP+ cells from tumor
free was observed for the primary tumor tissue as expected (6.907 +/- 6.886 fold
change from tumor free). Interestingly, the scaffolds had a higher fold change than
lungs (1.712+/-0.8835 for scaffolds and 1.445+/-0.5179 for lungs), though not statis-
tically significant, indicating similar metastatic tumor burden in scaffolds and lungs
(Figure 6.1A). We next investigated the impact of scaffold implantation on disease
progression relative to a mock surgery. We found scaffold implantation trended to-
ward reduced primary tumor burden (2.304 +/- 1.36 g for scaffold implanted mice and
4.320 +/- 1.501 g for mock surgery mice) though this was not statistically significant
(Figure 6.1B). We also found the same trend in spleen weight with PyMT- tumor
free mice having the lowest spleen weight (145.3 +/- 36.50 mg), PyMT+ tumor bear-
ing mice implanted with scaffolds had a slightly higher spleen weight (188.3 +/- 68.30
mg), and PyMT+ tumor bearing mice receiving a mock surgery having the highest
spleen weight (246.3 +/- 73.55 mg) though these differences were not statistically
significant (Figure 6.1C). Finally, we investigated the impact of scaffold implanta-
tion on metastasis and found similar levels of liver and lung tumor burden for both
scaffold implanted and mock surgery mice (Liver burden 1.138 +/- 0.2269 for scaf-
fold implanted and 1.433 +/- 0.5163 fold change from tumor free for mock surgery
and Lung burden 1.104 +/- 0.2275 for scaffold implanted and 1.215 +/- 0.08842
for mock surgery, Figure 6.1D). Thus we conclude in this model scaffolds recruit
spontaneously metastasizing tumor cells but do not significantly impact primary or
metastatic tumor burden and disease progression.
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Figure 6.1: Microporous scaffolds recruit tumor cells in the MMTV-PyMT
model of transgenic, spontaneous breast cancer tumorigenesis
and metastasis and do not significantly influence disease pro-
gression or metastasis. (A) Flow cytometry evaluation of fold change
of RFP+ tumor cells in scaffolds, lungs, and primary tumor in PyMT+
mice relative to WT mice. (B) Primary tumor mass for scaffold implanted
mice relative to mice receiving mock surgery. (C) Spleen mass for wild-
type mice implanted with scaffolds, PyMT+ mice implanted with scaf-
folds, and PyMT+ mice receiving mock surgery. (D) Metastatic tumor
burden in the liver and lungs of mice receiving either scaffold implantation
or mock surgery.
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6.4.2 Scaffolds can be used to monitor the dynamic immune system
changes in spontaneous breast cancer development
The dynamic immune response to the scaffold was next evaluated in the context of
disease progression by evaluating the changes in immune cell populations in the lung,
primary tumor, scaffold, and spleen via multicolor flow cytometry for surface markers
associated with immune cells including CD45+ total immune cells, CD11b+Gr1+
neutrophils, CD11c+F4/80- dendritic cells, CD11b+F4/80+ macrophages, Ly6C+
F4/80- monocytes, CD4+ T cells, CD8+ T cells, CD19+ B cells, and CD49b+ natural
killer cells (Figure 6.2). Each tissue is normalized to the RFP+ tumor free control in
order to better view the change associated with tumor development in each tissue. We
found a significant reduction in CD45+ immune cells in the primary tumor (0.138
+/- 0.08269 fold change from tumor free) and a significant increase in the lungs
(2.121 +/- 1.587 fold change from tumor free, Figure 6.2A).We found a significant
increase in CD11b+Gr1+ neutrophils in all tissues evaluated with a fold change of
4.314 +/- 2.915 for lung, 74.71 +/- 68.58 for primary tumor, 1.838 +/- 1.079 for
scaffolds, and 6.463 +/- 5.139 for spleens (Figure 6.2B). CD11c+F4/80- dendritic
cells were found to be significantly elevated in tumor bearing mice primary tumor
(14.49 +/- 12.46 fold change) and scaffolds (1.372 +/- 0.8327 fold change, Figure
6.2C). CD11b+F4/80+ macrophages were found to be significantly increased in the
primary tumor (57.76 +/- 44.74) and significantly decreased in the scaffold relative
to tumor bearing mice (0.7255 +/- 0.2384 fold change, Figure 6.2D). Ly6C+F4/80-
monocytes were found to be significantly altered in all tumor bearing tissues with a
fold change of 1.346 +/- 0.2655 for lung, 0.5971 +/- 0.4341 for primary tumor, 2.032
+/- 0.8675 for scaffold, 1.712 +/- 0.7720 for spleen (Figure 6.2E). CD4+ T cells
were found to be significantly reduced in tumor bearing lung (0.7182 +/- 0.0960 fold
change) and primary tumor (0.4509 +/- 0.4446 fold change, Figure 6.2F). CD8+
T cells were also found to be significantly reduced in the tumor bearing lung (0.9567
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+/- 0.5193 fold change) and primary tumor (0.3129 +/- 0.2804 fold change, Figure
6.2G). CD19+ B cells were significantly reduced in the lung with a fold change of
0.610 +/- 0.2940 relative to tumor free (Figure 6.2H). CD49b+ natural killer cells
were not significantly altered from tumor free due to high variability in this population
of immune cells (Figure 6.2I).
Following the identification of many immune cell populations in the scaffold being
significantly altered with tumor progression (CD11b+Gr1+, CD11c+F480-, CD11b+
F480+, Ly6C+F480-) we next investigated the dynamics of immunomodulation with
tumor progression by implanting multiple scaffolds in tumor free and tumor bear-
ing mice at 5 weeks of age. Each week until the mice reached endpoint tumor size
(11 weeks of age) scaffolds were explanted from the mice and a new set implanted
as a survival surgery. Analysis of scaffolds explanted at each time point allowed
us to track the changes of each cell population over time with disease progression
(Figure 6.3). The majority of populations investigated varied over time but did
not appear to follow a trend with disease progression including CD45+ total immune
cells (Figure 6.3A), CD11b+Ly6C+ monocytes (Figure 6.3C), CD11b+F4/80+
macrophages (Figure 6.3D), CD11c+F4/80- dendritic cells (Figure 6.3E), CD4+
T cells (Figure 6.3F), CD8+ T cells (Figure 6.3G), and CD49b+ natural killer
cells (Figure 6.3I). However, some populations clearly tracked with tumor pro-
gression including CD11b+Gr1+ neutrophils steadily increasing with tumor progres-
sion (Figure 6.3B) and CD19+ B cells decreasing with tumor progression (Figure
6.3H). We also evaluated the presence of tumor cells at each of these time points and
found this population to be relatively stable over time (Figure 6.3J).
Following the determination of immune dynamics at the scaffold longitudinally in
the same cohort of mice, we next sought to understand how these dynamics compare
to the changes in immune cell populations occurring in the spleen, lung, and primary
tumor with disease progression. To this end we isolated tissues at various ages close
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Figure 6.2: Breast tumor-dependent immunomodulation occurs at the scaf-
fold site and is similar to modulation observed in the spleens
of PyMT+ mice. Flow cytometric evaluation of surface markers for
immune cells and reported as fold change in % of each population from
tumor free (WT, PyMT- mice) relative to tumor bearing (PyMT+ mice)
for lung, primary tumor (PT), scaffold, and spleen for (A) CD45+ (B)
CD11b+Gr1+ (C) CD11c+F480- (D) CD11b+F480+ (E) Ly6C+F480-
(F) CD4+ (G) CD8+ (H) CD19+ and (I) CD49b+ immune cells.
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Figure 6.3: Breast tumor-dependent immunomodulation and tumor cell re-
cruitment to the scaffold can be monitored longitudinally in a
single cohort of mice. Flow cytometric evaluation of surface markers
for immune cells and reported as fold change in % of each population
from tumor free (WT, PyMT- mice) relative to tumor bearing (PyMT+
mice) for scaffolds for (A) CD45+ (B) CD11b+Gr1+ (C) CD11c+F480-
(D) CD11b+F480+ (E) Ly6C+F480- (F) CD4+ (G) CD8+ (H) CD19+
and (I) CD49b+ immune cells and (J) PE+FITC- Tumor cells to observe
dynamics of immune cell populations over time with tumor progression.
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to tumor-size endpoint (12-14 weeks of age) and investigated changes in immune cell
populations in each tissue with time (Figure 6.4). Linear regression analysis was
performed on each tissue over time and those with significant linear relationships were
assessed. We found the scaffold demonstrates a significant positive linear relationship
with time for CD45+ (Figure 6.4A) and CD11b+Gr1+ cells (Figure 6.4B) with a
trend similar to that of the lung. Significant negative linear relationships were found
in the scaffold for CD11c+F4/80- dendritic cells (Figure 6.4C) and CD4+ T cells
(Figure 6.4F). The trends observed over time in general agree between the scaffold,
spleen, and lung with the only exception being CD8+ T cells (Figure 6.4G).
6.4.3 Scaffolds enrich tumor cells relative to blood and reduce metastatic
tumor burden in spontaneous pancreatic cancer
The ability of scaffolds to recruit tumor cells in a spontaneous model of pancreatic
cancer was next assessed by implanting scaffolds subcutaneously into KPCY or CY
mice at 8 weeks of age prior to tumor formation. We first assessed a very early
timepoint in tumor progression and isolated scaffolds, blood, liver, and pancreas at
12 weeks of age (Figure 6.5). We first evaluated metastasis to the scaffold implant
by quantifying the number of YFP+ cells in each scaffold. We found 309 +/- 304
YFP+ pancreatic cells per scaffold and found that the number of tumor cells per
scaffold appeared to be associated with the stage of the tumor (Figure 6.5A) with
scaffolds from a mouse with PanIN1 and PanIN2 lesions having an average of 699
YFP+ cells/scaffold relative to mice with ADM and PanIN1 lesions demonstrating
an average of 114 YFP+ cells/scaffold. We next investigated whether the number of
YFP+ cells found in the scaffold could be explained by the concentration of these cells
in the blood and found a two order of magnitude enrichment of YFP+ cells in scaffolds
relative to blood (Figure 6.5B). We next investigated if scaffold implantation relative
to mock surgery altered the progression of disease by quantifying YFP+ cells in the
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Figure 6.4: Breast tumor-dependent immunomodulation demonstrates sim-
ilar dynamics in spleen, scaffold, and lung with tumor pro-
gression. Changes in immune cell populations were evaluated at var-
ious stages in tumor progression within scaffolds spleen, lung, and pri-
mary tumor via flow cytometry for (A) CD45+ (B) CD11b+Gr1+
(C) CD11c+F480- (D) CD11b+F480+ (E) Ly6C+F480- (F) CD4+ (G)
CD8+ (H) CD19+ and (I) CD49b+ immune cells. Linear regression anal-
ysis was performed for each tissue with cell populations having a signifi-
cant (p<0.05 for linear regression) linear relationship with age and thus
tumor progression reported in the matching color for the tissue.
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Figure 6.5: Scaffolds recruit tumor cells in KPCY model of pancreatic can-
cer, enrich tumor cell concentration relative to blood, and re-
duce metastatic tumor burden in the liver relative to mock
surgery. (A) Scaffolds capture tumor cells corresponding to tumor
histopathological grade as evaluated by quantification of YFP+ cells via
flow cytometry relative to the total number of cells per scaffold. (B)
Scaffolds significantly enrich tumor cells relative to blood as evaluated
via flow cytometry for percentage of YFP+ cells in scaffolds relative to
blood. (C) Scaffolds trend toward reduced metastatic tumor burden in
blood and (D) significantly reduce (p<0.05) tumor burden in the liver
relative to a mock surgery.
blood (Figure 6.5C) and liver (Figure 6.5D). We found no statistical difference
between the number of YFP+ cells in the blood of mock mice relative to scaffold
implanted mice, however we did find a statistically significant reduction in YFP+
cells present in the liver of mice that receive scaffolds relative to a mock surgery
(0.030 +/- 0.005 % YFP+ for mock surgery mice and 0.017 +/- .004 % YFP+ for
scaffold implanted mice).
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6.4.4 Scaffolds can be used to monitor the dynamic immune system
changes as a result of spontaneous pancreatic cancer
As in the PyMT model, we next evaluated the dynamic immune response to the
scaffold in the context of disease progression by evaluating the changes in immune
cell populations in the liver, pancreas, scaffold, and spleen (Figure 6.6). We found
significant increase in the proportion of CD45+ cells present in pancreas (7.861 +/-
2.668 fold change from tumor-free CY) and a significant decrease in CD45+ cells in the
spleen (0.7513 +/- .1227 fold change from tumor free, Figure 6.6A). We also found
a significant increase in CD11b+Gr1+ neutrophils in scaffolds (1.370 +/- 0.5013)
and spleens (4.355 +/- 3.429) of tumor bearing mice relative to tumor free (Figure
6.6B). We observed a significant increase in CD11c+F4/80- dendritic cells in the
pancreas (Figure 6.6C, 4.605 +/- 3.609), a significant decrease in CD11b+F4/80+
macrophages in the liver (Figure 6.6D, 0.6274 +/- 0.2325), a significant increase in
Ly6C+F4/80- monocytes in the spleen (Figure 6.6E, 1.185 +/- 0.8896), and finally
a significant decrease in CD4+ T cells in the liver (Figure 6.6F, 0.4941 +/- 0.3145).
For all cell types, scaffolds and spleens tended to demonstrate the same trend from
tumor-free CY mice.
We next sought to investigate the ability of scaffolds to dynamically indicate
disease progression. To this end, we used CD45+ cells present in the pancreas as a
surrogate for age, as this was significantly linearly associated with age (p=0.0031)
and gave better discrimination between mice that we the same age but at different
stages of tumor progression (Figure 6.7A). We then used the burden of CD45+
cells in the pancreas as a surrogate for disease progression and performed linear
regressions of each cell type present in each tissue against this independent variable.
We found YFP+CD45- cells also increased linearly with age in scaffolds, though
this was not significant (Figure 6.7B). We found CD11b+Gr1+ did not vary with
disease progression in this model (Figure 6.7C), though they were elevated relative
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Figure 6.6: Pancreatic tumor-dependent immunomodulation occurs at the
scaffold site and is similar to modulation observed in the spleens
of KPCY mice. Flow cytometric evaluation of surface markers for im-
mune cells and reported as fold change in % of each population from tumor
free (CY mice) relative to tumor bearing (KPCY mice) for lung, pancreas,
scaffold, and spleen for (A) CD45+ (B) CD11b+Gr1+ (C) CD11c+F480-
(D) CD11b+F480+ (E) Ly6C+F480- (F) CD4+ (G) CD8+ (H) CD19+
and (I) CD49b+ immune cells.
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to tumor free at all timepoints investigated. However, F4/80+ macrophages (Figure
6.7D), Ly6C+ monocytes (Figure 6.7E), CD4+ T cells (Figure 6.7F), CD8+ T
cells (Figure 6.7G), CD19+ B cells (Figure 6.7H), and CD49b+ natural killer
cells (Figure 6.7I) all had a significant linear relationship with disease progression.
Interestingly innate immune cell populations including macrophages and monocytes
decreased with disease progression while adaptive cell populations including CD4+
and CD8+ T cells, B cells, and natural killer cells all increased at the scaffold with
disease progression. Additionally, the scaffold and the spleen demonstrated similar
slopes with linear regression with the exception of CD19+ B cells (Figure 6.7H).
6.4.5 Scaffold immune signatures can distinguish between breast and
pancreatic cancer conditioning and identify key immune players
associated with tumor cell recruitment
Finally, we investigated whether immune signatures from scaffolds could distin-
guish between breast and pancreatic cancer dependent immunomodulation. To this
end we first performed unsupervised hierarchical clustering for each scaffold sam-
ple immune populations (CD45+ total immune cells, CD11b+Gr1+ neutrophils,
CD11b+F480+ macrophages, CD11c+F480- dendritic cells, CD11b+Ly6C+ mono-
cytes, CD4+ T cells, CD8+ T cells, CD19+ B cells, and CD49b+ natural killer
cells, Figure 6.8A). Using this approach most RFP+PyMT+ samples cluster on
the left and most KPCY cluster on the right. However, 5 KPCY samples cluster on
the left with the PyMT samples. Interestingly, these all appear to have high levels
of Ly6C+F4/80- monocytes relative to other samples. KPCY samples on the right
cluster appear to be differentiated primarily by their high levels of adaptive cell pop-
ulations relative to other samples, including CD49b+ natural killer cells, CD19+ B
cells, and CD4+ and CD8+ T cells. As hierarchical clustering was unable to separate
PyMT from KPCY clearly, we next performed principal component analysis (PCA)
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Figure 6.7: Pancreatic tumor-dependent immunomodulation demonstrates
dynamic response with tumor progression. Changes in immune cell
populations were evaluated at various stages in tumor progression within
scaffolds spleen and pancreas via flow cytometry. First, the progression of
CD45+ cell burden in the pancreas was confirmed by its significant linear
relationship with age in (A). Then the % change in CD45+ cell burden
was used as a surrogate for tumor progression and dependent variable
against (B) YFP+CD45- tumor cells, (C) CD11b+Gr1+, (D) F480+,
(E) Ly6C+, (F) CD4+, (G) CD8+, (H) CD19+, and (I) CD49b+ cells.
Linear regression analysis was performed for each tissue, only scaffolds
were found to have significant linear relationships with tumor progression
and R2 and p-value of the linear regression for scaffolds are reported on
each plot.
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Figure 6.8: Scaffold immune signature can distinguish breast tumor bear-
ing mice (RFP+PyMT+) from pancreatic tumor bearing mice
(KPCY). (A) Unsupervised hierarchical clustering of scaffold im-
mune signatures from flow cytometry from CY, KPCY, RFP+, and
RFP+PyMT+ mice. (B) These scaffold immune signatures from flow
cytometry data were fed into principal component analysis and demon-
strate separation of RFP+PyMT+ scaffolds from KPCY scaffolds.
and plotted the scores in the first two principal components for each sample (Figure
6.8B). PCA more successfully discriminated samples based on the multivariate na-
ture of the immune signature as demonstrated by most KPCY samples diverging to
the upper left quadrant while PyMT samples diverge to the bottom right quadrant.
Next, we investigated the role of immune cell populations and their association
with tumor cell recruitment in both the PyMT breast cancer model (Figure 6.9A)
and the KPCY pancreatic cancer model (Figure 6.9B). To this end we first per-
formed correlation analysis of immune cell populations and tumor cell recruitment
showing a heatmap of the Pearson correlation coefficient for each immune cell popula-
tion and tumor cells. A number of positive correlations were found between immune
cell populations for PyMT including CD4+ and Ly6C+ cells (0.6667), CD8+ and
CD49b+ cells (0.712), and total CD45+ and CD4+ (0.6066) and CD45+. Nega-
tive correlations were also found between populations including F480+ and Ly6C+
(-0.5535), F480+ and CD19+ cells (-0.5426), and CD4+ and CD8+ T cells (-0.5039).
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Next, stepwise multiple linear regression analysis was performed to build a model
that explains the contribution of immune cells to tumor cell recruitment. For PyMT
scaffolds, this approach found that the total number of CD45+ cells was positively as-
sociated with recruitment (coefficient 3.089 +/- 0.937 and p = 0.004), CD8+ cells are
negatively associated with recruitment (coefficient -0.563 +/- 0.280 and p = 0.058),
and CD49b+ cells are positively associated with recruitment (coefficient 0.596 +/-
0.208 and p = 0.010). The model R2 however, was relatively low 46.72%, indicating
that there is variability in tumor cell recruitment that cannot be explained by the
immune cell composition of the scaffold. Applying the same approach to KPCY we
found a number of positive associations between immune cell populations including
CD45+ and F480+ cells (0.6351), CD45+ and CD49b+ cells (0.6338), CD11b+Gr1+
and Ly6C+ cells (0.5378), F480+ and CD19+ cells (0.5095), F480+ and CD49b+ cells
(0.6127), and CD4+ and CD49b+ cells (0.5691). Additionally, some negative associ-
ations between immune cell types were identified including F480+ and Ly6C+ cells
(-0.8029), Ly6C+ and CD4+ cells (-0.6081), and Ly6C+ and CD19+ cells (-0.5895).
Next, stepwise multiple linear regression analysis identified populations significantly
contributing to a model of tumor cell recruitment. This approach identified CD11c+
dendritic cells to be positively associated with recruitment (coefficient 2.674 +/- 0.885
and p = 0.012), F480+ macrophages to be positively associated with recruitment (co-
efficient 1.336 +/- 0.176 and p <0.001), CD8+ T cells to be negatively associated
with recruitment (coefficient - 0.1264 +/- 0.0776 and p = 0.132), and CD49b+ nat-
ural killer cells to be positively associated with recruitment (coefficient 0.6260 +/-
0.0917 and p <0.001).
6.5 Discussion
In this study poly(ε-caprolactone) biomaterial scaffolds were investigated for their
ability to recruit tumor cells in two spontaneous models of tumorigenesis and metas-
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Figure 6.9: Scaffold immune signatures can identify key immune players
in tumor cell recruitment to biomaterial scaffolds in models of
breast and pancreatic cancer. Correlation analysis of immune cell
populations and tumor cell recruitment showing heatmap of Pearson cor-
relation coefficient values for each immune cell population and tumor
cells and stepwise multiple linear regression of these immune signatures
with tumor cells as a response and changes in immune cell populations
as predictors identifying terms significantly contributing to tumor cell re-
cruitment in (A) PyMT breast cancer model and (B) KPCY pancreatic
cancer model.
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tasis for breast and pancreatic cancer. This work was motivated by the idea that
implanted biomaterials have been found to recruit tumor cells in many diverse ortho-
topic models of metastasis, however their function in spontaneous models of metas-
tasis has never been reported. The ability of scaffolds to recruit tumor cells in these
models is crucial for an indication that this technology may be applicable in human
patients, as orthotopic models of metastasis do not represent the timeline or cascade
of events that must occur in a human patient for a tumor to develop and metastasis
to occur.
Indeed, we found biomaterial scaffolds recruit tumor cells in spontaneous breast
cancer and pancreatic cancer. In the PyMT model of breast cancer we found that
at endpoint tumor size (12-14 weeks of age) scaffolds on average had more tumor
cells than the lungs, the primary site of metastasis in this model. Additionally, by
longitudinal analysis of the same cohort of mice, we found tumor cells were detectable
as early as 5 weeks of age in these mice, indicating we recruit early metastatic tu-
mor cells similar to the finding of disseminated tumor cells in the bone marrow in
these models [211]. Interestingly, we observed dynamics of RFP+PyMT+ tumor cells
within the scaffold in the same cohort of mice, with tumor cells being significantly
elevated at 5 weeks of age, demonstrating a reduction in number from 6-8 weeks of
age, and returning to significantly elevated levels from 10-11 weeks of age. These
dynamics somewhat mirror the elevation of CD8+ T cells and CD49b+ natural killer
cells at these timepoints and thus may be a result of enhanced adaptive immunity
clearing early metastatic cells at these timepoints [212]. We also observed early dis-
semination of tumor cells in the KPCY model of pancreatic cancer. At stages prior
to full pancreatic ductal adenocarcinoma, we observed YFP+ pancreatic cells in the
scaffold, blood, and liver of KPCY mice, similar to findings reported in the litera-
ture [213]. Importantly, we found the scaffold enriched these YFP+ cells two order
of magnitude relative to the blood. This indicates that tumor cells are not simply
143
non-specifically collected within the scaffold as a result of their presence in the blood,
but also demonstrates that the scaffold platform provides a significant advantage over
the detection of circulating tumor cells [214, 215].
Interestingly, we found in a trend toward reduced primary tumor burden in the
PyMT model, however this was not statistically significant. Additionally, this did not
seem to translate into a reduction in metastatic tumor burden in scaffold implanted
mice relative to mock surgery mice. However, in the KPCY model we found a scaffold
implantation provided a significant reduction in YFP+ cells in the liver of scaffold
implanted mice relative to those receiving a mock surgery. This was accompanied by
a trend towards reduced numbers of circulating YFP+ cells in the blood of scaffold
implanted mice relative to mock mice, however this was not statistically significant.
These differences between models in ability to impact metastatic burden may be
attributed to the high level of variability between individual mice obscuring some
effects in the PyMT model relative to the KPCY model.
Importantly, we found the scaffold demonstrated tumor-progression dependent
immunomodulation in both models of breast and pancreatic cancer. In both cases,
the alterations in the scaffold immune microenvironment most closely followed the
immune changes observed in the spleen. This finding is similar to our findings in
orthotopic models of breast cancer [30, 31] and likely represents changes in the sys-
temic availability of immune cells in the blood, and thus a change in the immune cells
responding to the biomaterial as part of the foreign body response. In the PyMT
model we found an increase in CD11b+Gr1+ neutrophils, CD11c+F480+ dendritic
cells, Ly6C+F480- monocytes, and a decrease in CD11b+F480+ macrophages in tu-
mor bearing mice relative to tumor free. In the KPCY model we found a similar
increase in CD11b+Gr1+ neutrophils in tumor bearing mice relative to tumor free.
Interestingly, the dynamics of immune cell populations with tumor progression were
quite different between the two models. In the PyMT model we found an increase
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in CD45+ cells and neutrophils and a decrease in dendritic cells and CD4+ T cells.
In the KPCY model we found a decrease in macrophages and monocytes and an in-
crease in CD4+ and CD8+ T cells, CD19+ B cells and CD49b+ natural killer cells
with tumor progression. These trends observed in the scaffold track with the changes
observed in the spleen with tumor progression for all cell types with the exception
of CD8+ T cells in the PyMT model and CD19+ B cells in the KPCY model. This
highlights the ability of the scaffold to largely reflect systemic immune changes, but
also reflect changes occurring in the primary tumor and metastatic sites as the in-
crease in CD8+ T cells in PyMT is concordant with the trend in the primary tumor.
After observing different trends with primary tumor progression in both models we
next asked if the immune signature within the scaffold alone was enough to distin-
guish between mice bearing breast and pancreatic cancer. Unsupervised hierarchical
clustering identified some separation between PyMT and KPCY samples. However,
principal component analysis was better able to identify divergence of immune cell
populations between PyMT and KPCY. This finding highlights the ability of a bio-
material scaffold to not only recruit tumor cells but serve as a sentinel for different
mechanisms of immunomodulation.
We also sought to understand if the scaffold could provide insights into positive
and negative regulators of tumor cell recruitment in two very different models of
metastasis. To this end we performed multiple linear regression of immune cell pop-
ulations as predictors and tumor cell recruitment as the independent variable. In
the PyMT model we found CD45+, CD8+, and CD49b+ cells to be significantly
associated with recruitment of tumor cells with CD45+ cells and CD49b+ cells as
positive regulators of recruitment and CD8+ cells as negative regulators of tumor cell
recruitment. Similarly, in the KPCY model we found CD8+ cells to be negatively
associated with recruitment and CD49b+ cells to be positively associated with recruit-
ment. However, in contrast with the PyMT model, CD45+ cells were not associated
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with recruitment while CD11c+ and F480+ cells were both positively associated with
tumor cell recruitment. Interestingly, the model of tumor cell recruitment for KPCY
had a much higher adjusted-R2 (94.10% relative to 38.72% for PyMT) indicating
there may be other cell populations or microenvironmental factors contributing to
tumor cell recruitment in the PyMT model that cannot be explained simply by the
changes in immune cell populations within the scaffold. The finding that CD49b+
cells are positively associated with tumor cell recruitment to the scaffold is surprising
as natural killer cells are capable of controlling metastasis by eliminating metastatic
tumor cells [216–218]. However, it is possible that a greater population of natural
killer cells is associated with a larger pool of metastatic tumor cells in response to an
attempt to eliminate these cells. It is also possible that an increase in natural killer
cells may be associated with NK cell exhaustion and thus reduced tumor cell killing
[219].
For the first time, these results report the recruitment of tumor cells in sponta-
neous models of tumorigenesis and metastasis and the first evidence that this platform
recruits metastatic pancreatic tumor cells. Additionally, this work supports the use of
biomaterial scaffolds for monitoring the dynamic immune response as a result of pri-
mary tumor development and metastasis. Importantly, we also show the first evidence
that the immune response to biomaterial scaffolds differs in the context of different
cancer models. The scaffold platform technology represents a unique opportunity to
recruit tumor cells and reflect tumor dependent immunomodulation in diverse models
of metastasis. Thus this platform provides unprecedented opportunity for the early
detection of metastasis.
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6.6 Materials and Methods
6.6.1 Transgenic animal models
Animal studies were performed in accordance with institutional guidelines and
protocols approved by the University of Michigan Institutional Animal Care and Use
Committee (IACUC). MMTV-PyMT-RFP (PyMT+RFP+) mice and their respective
tumor free control MMTV-RFP (RFP+) as well as KPCY mice (Pdx1-Cre KrasG12D
p53fl/+ RosaYFP) and CY (Pdx1-Cre RosaYFP) mice were bred in house. Scaffold
implantation was performed between 5-8 weeks of age in these mice, prior to tumor
formation. For both models, mice were monitored a minimum of three times a week
for the duration of experiments for evidence of tumor-related morbidity. Mice were
sacrificed when tumors reached endpoint size as defined by the animal use protocol
(PRO00007801) or exhibited limited physical activity.
6.6.2 Scaffold fabrication and implantation
Microsphere preparation. PCL microspheres were prepared as previously described
(ref). Briefly, microspheres were prepared by emulsification of a 6% (w/w) solu-
tion of PCL (Lactel Absorbable Polymers; Inherent viscosity 0.65-0.85 dL/g) in
dichloromethane in a 10% (w/v) poly(vinyl alcohol) solution followed by homoge-
nization at 10,000 rpm for 1 minute. The solution was then stirred for 3 hours to
evaporate dichloromethane solvent. Microspheres were then collected by centrifuga-
tion at 2000 x g for 10 minutes and washed at least five times in deionized water.
Finally, microspheres were lyophilized for 48 hours.
Scaffold fabrication. Microporous PCL scaffolds were prepared by mixing PCL
microspheres and sodium chloride crystals (250-425 m in diameter) at a 1:30 (w/w)
ratio. This salt and polymer microsphere mixture was then pressed in a steel die for
45 seconds at 1500 PSI. Polymer/salt disks were then heated at 60C for 5 minutes
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per side to melt polymer microparticles around salt crystals to form a continuous
structure. Salt crystals were subsequently removed by immersion in water for 1.5
hours. Scaffolds were then sanitized for animal studies using 70% ethanol, rinsed
with sterile water, and dried on a sterile surface.
Scaffold implantation. Scaffolds were implanted into the subcutaneous space of 8-
week-old female NOD/SCID-IL2Rγ-/- (NSG) or balb/c mice as previously described
(ref). For the implantation procedure, animals were anesthetized via isoflurane (2%,
inhaled), prepared with Carprofen analgesia (5 mg/kg, subcutaneous injection), the
upper back was shaved and prepped using a Betadine swab followed by an ethanol
swab and this procedure was repeated 3 times. A fenestrated sterile field was draped
over the surgical area and a 1 cm incision was made in the upper back. Following
incision, subcutaneous pockets were created perpendicular to the incision, into which
sanitized scaffolds were inserted (2 scaffolds/mouse). The skin was then closed using
sterile wound clips (Reflex 7 mm, Roboz Surgical Instrument Co).
Longitudinal scaffold explant and reimplantation. For longitudinal tracking of
one cohort of mice over time, 2 scaffolds were explanted from each mouse once a
week. Mice were anesthetized as described above and shaved directly over the scaffold
implant site. The surgical site was prepared as described and a 5-10 mm incision was
made between the two implanted scaffolds. Both scaffolds were explanted and a fresh
pair of scaffolds was implanted into the same location. The incision was closed with
4-0 vicryl resorbable sutures (Ethicon).
6.6.3 Statistical and Computational Analysis
Statistical Analysis. All statistical tests were performed in Prism version 6.0.1. All
graphs are reported as mean with standard error of the mean unless otherwise stated.
Linear regressions were performed in Prism. All statistical tests were performed as
a two sided T test with unequal variances unless otherwise stated after checking for
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normality of data distribution.
Hierarchical clustering and principal component analysis. Unsupervised hierarchi-
cal clustering was performed in MATLAB 2018a with normalization across rows and
clustering across columns. Principal component analysis was performed in MATLAB
2018a.
Multiple Linear Regression Analysis. Stepwise multiple linear regression analysis
was performed in Minitab version 18 with alpha = 0.15 to add or remove terms.
6.6.4 Flow Cytometry
Scaffolds were minced, digested using Liberase TL (Roche) and strained through
a 70 m filter to produce a single cell suspension. Cells were pelleted via centrifuga-
tion at 500 x g for 5 min. Following isolation of a single cell suspension, cells were
blocked using anti-CD16/32 (Biolegend) and stained with anti-mouse CD45 AF700
(Biolegend), CD11b V500, F4/80 PECy7, Gr1 PacBlue, Ly6C FITC for PyMT and
Ly6C PE for KPCY, and CD11c APC for innate panel. For adaptive panel sam-
ples were stained with anti-mouse CD45 AF700, CD4 V500, CD8 FITC for PyMT
and CD8 PE for KPCY, CD19 PacBlue, and CD49b PECy7. Samples were run on
MoFlo Astrios Flow Cytometer (Beckman Coulter) and data processed using FlowJo
(TreeStar Inc.).
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CHAPTER VII
Non-invasive ultrasound imaging for early
detection
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7.2 Abstract
For most cancers, the formation of distant metastasis is the point at which clinical
treatment shifts from curative intent to palliative care. We have developed a bioma-
terial implant that acts as a synthetic pre-metastatic niche and recruits metastatic
cancer cells in xenogeneic human and syngeneic mouse models of breast cancer. Here,
we investigate ultrasound as a non-invasive strategy for detecting metastasis to the
synthetic scaffold.. Spectral ultrasound imaging (SUSI), which detects parameters
related to the composition and structure of tissues, identified changes at the earliest
time point that tumor cells were recruited to scaffolds. SUSI demonstrated changes
in spectral parameters with tumor status in orthotopic models of both human and
mouse breast cancer cells in mice. The associated changes were reflected in the cellu-
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lar composition of the scaffold microenvironment, and not the acellular composition.
This included an increase in the number of CD31+CD45- endothelial cells in tumor
bearing mice (1237 +/- 252 cells for control and 1909 +/- 385 cells for tumor bearing
scaffolds). Finally, the changes in SUSI parameters was used to develop a classifica-
tion model to stratify tumor free and tumor bearing status from scaffold parameters.
Combination of a linear discriminant analysis model and a bagged decision trees
model resulted in an area under the curve of 0.92 for prediction. Ultrasound is widely
used in the clinic and the potential for early non-invasive detection of metastasis could
facilitate clinical translation of the scaffolds for monitoring metastatic disease.
7.3 Introduction
Metastasis is responsible for 90% of cancer related deaths [116]. This transition
to stage IV disease has a devastating prognosis for many reasons. First, metastasis is
not often detected until whole organ systems have been compromised. Currently, a
definitive diagnosis of metastasis relies on the use of PET, CT, or MRI to locate and
visualize a metastatic lesion, typically >7-8mm in diameter [171]. Second, widespread
metastatic disease is often more resistant to therapy, more aggressive, and overall
much harder to treat. Early detection of metastatic disease or a risk of metastasis
has significant potential to reduce cancer mortality associated with metastasis by
allowing interventions when the burden of disease is low.
Early detection strategies have primarily focused on the use of blood as a liquid
biopsy. Liquid biopsies including circulating tumor cell (CTC), circulating tumor
DNA (ctDNA), and exosome detection in the blood are emerging as a technology to
stage patients beyond the presence, size, and molecular characteristics of the primary
tumor [172]. However, the connection between the presence and relative number
of each of these markers and metastasis is still unclear. For example, while a high
number of circulating tumor cells (5 CTCs in 7.5 mL blood) correlates with poor
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prognosis [220], studies in animal models have shown that 99.99% of CTCs do not
have the ability to metastasize [168] and thus understanding when to intervene in a
patient that has a high number of CTCs is still elusive. Biomaterial scaffolds that
capture metastatic tumor cells [151] extend beyond liquid biopsy to capture immune
cells associated with the metastatic niche and metastatic tumor cells themselves [30,
31, 34, 42, 152]. These technologies have been successful in mouse models of breast
[30, 31, 34, 42, 152], ovarian [29], prostate [27, 81], melanoma [26] and hematologic
cancers [36] and have captured tumor cells, reduced metastatic burden [30, 31], and
improved survival [30].
A crucial piece of this detection platform is non-invasive monitoring of the implant
for metastasis. Inverse spectroscopic optical coherence tomography (ISOCT) has been
implemented in this system in order to detect the presence of tumor cells at the earliest
stages of metastatic cell dissemination, prior to detection of tumor cells in vital organs
[30, 31]. However, optical imaging techniques are highly specialized and not currently
available in the clinic. Additionally, while the resolution of optical techniques is high,
the penetration depth is low [112, 148] such that this technology is unlikely to be
successful in non-invasive imaging through human skin.
Ultrasound imaging is the most commonly used imaging modality in radiology
due to its noninvasive and nondestructive nature and optimal balance of resolution
and penetration depth for many clinical applications. Spectral ultrasound imaging
(SUSI), an imaging modality extended from the conventional grayscale B-mode ultra-
sound imaging, utilizes the raw radiofrequency data (RF) of ultrasound backscattered
signals to extract quantitative measures of tissue properties. Power spectra of the RF
signals can be computed and calibrated such that all system effects are removed and
linear regression of the calibrated spectra over the bandwidth of imaging provides
quantitative parameters for a given tissue including slope, midband fit (MBF), av-
erage acoustic scatter diameter, and acoustic concentration. Spectral characteristics
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have been previously used to characterize atherosclerotic plaque composition [221],
changes in tissue properties for the prostate [222], pancreas, and lymph node [223],
and non-invasively monitor the development of tissue-engineered constructs in vitro
[224–227].
In this study, we demonstrate the use of SUSI for determination of tissue character-
istics that correspond with spontaneous metastatic tumor cell arrival to a biomaterial
scaffold in vivo. We investigated the parameter alterations that occur from healthy
to tumor bearing mice within biomaterial scaffolds for models of orthotopic human
and mouse breast cancer metastasis. We also developed a classification algorithm
to classify healthy and tumor bearing mice according to SUSI parameter measure-
ment in scaffolds. Finally, we evaluated the biological components of the scaffold that
changed with tumor inoculation in order to identify those components that chang-
ing SUSI parameters used to stratify tumor bearing from healthy samples. The use
of SUSI in combination with scaffolds that capture metastatic tumor cells has the
potential to create a non-invasive platform for identifying metastatic disease at its
earliest stages, allowing for intervention while disease burden is low and profoundly
impacting cancer mortality as a result of metastasis.
7.4 Results
7.4.1 SUSI detects changes in mouse-tumor bearing mice relative to tu-
mor free at late stages of metastatic disease
The ability of SUSI to distinguish between late stage tumor bearing mice and
healthy controls was initially assessed by explanting scaffolds from healthy and 4T1
breast tumor bearing mice at day 14 following inoculation and imaging ex vivo. Day
14 post tumor inoculation represents a timepoint at which tumor cells are present both
in the scaffold and in the lung and liver as micrometastases [30]. Grayscale images
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(Figure 7.1A) with 3D reconstruction (left panel) and section (right panel) for tumor
free and tumor bearing conditions show no obvious changes in implant structure at the
macroscopic scale. Assessment of SUSI parameters demonstrated clear distinctions
between tumor free and tumor bearing mice at this relatively late stage (Figure
7.1B) including significantly lower slope for tumor bearing scaffolds (control: 0.103
+/- 0.076 and tumor bearing: 0.0583 +/- 0.078 dB/MHz). Additionally, acoustic
scatter diameter (ASD: 20.82 +/- 1.88 μm for control and 21.90 +/- 1.83 μm for tumor
bearing) and average acoustic concentration (AAC: 42.77 +/- 3.02 dB[mm-3] for
control and 44.41 +/- 3.17 dB[mm-3] for tumor bearing) were both higher for tumor
bearing relative to tumor free. For each parameter the number of pixels outside of the
sample 95% confidence interval were also assessed for their alteration between control
and tumor bearing scaffolds (Figure 7.1C). This approach gave more consistent
differences between tumor bearing and control scaffolds with all parameters assessed
having statistically significant alterations from control to tumor bearing scaffolds.
Interestingly, for all parameters the number of pixels outside of the 95% confidence
interval was lower in tumor bearing mice, including grayscale (23017 +/- 8772 pixels
for control and 20210 +/- 6859 pixels for tumor bearing scaffolds) and mid-band fit
(426 +/- 197 pixels for control and 369 +/- 142 pixels for tumor bearing scaffolds)
which were not significantly different by measurement of the raw parameter value
itself (Figure 7.1B).
7.4.2 SUSI detects changes in mouse and human-tumor bearing mice
relative to tumor free at early stages of metastatic disease
Following the finding that SUSI was capable of detecting tissue changes in scaffolds
from tumor bearing mice at late time points relative to control, we next investigated
the ability of SUSI to identify changes at early stages of metastasis. We chose day 5
following inoculation of breast adenocarcinoma cells as this time point is associated
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Figure 7.1: SUSI detects changes in mouse-tumor bearing mice relative to
tumor-free at late stages of metastatic disease. (A) Grayscale
images of scaffolds from tumor free and tumor bearing mice. (B) Raw
parameter values generated by SUSI analysis of control and tumor bearing
scaffolds including grayscale, mid-band fit, slope, ASD, and AAC. (C)
Confidence interval analysis of parameters showing the number of pixels
lower than the lower bound of the 95% confidence interval of the sample
for that given parameter per frame. Error bars s.e.m. *p<0.05 via two-
sided t-test
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with occasional tumor cells in the scaffold yet not metastasis to vital organs [30, 31].
Again, instead of looking at the raw parameters from SUSI we assessed the number
of pixels outside of each samples 95% confidence interval. Like late-stage tumors we
found that there were not any visible macroscopic alterations in implant architecture
in three dimensional reconstructions or gray scale slices for scaffolds in mice bearing
either human (231-BR) or mouse (4T1) tumors at day 5 compared to their tumor free
controls (Figure 7.2A, C). Also similar to late stage disease, we found the number
of pixels outside of the sample 95% confidence interval to be significantly lower in
scaffolds from tumor bearing mice relative to control for both human and mouse
breast tumors (Figure 7.2B, D). The number of pixels was significantly altered for
all parameters for the comparison of scaffolds from mice bearing day 5 human 231-BR
tumors relative to control. For mice bearing mouse 4T1 tumors, all parameters except
for AAC (624 +/- 234 pixels for control and 561 +/- 207 pixels for tumor bearing)
were significantly altered between control and tumor bearing scaffolds.
7.4.3 SUSI detects changes in cellular composition and extracellular ma-
trix with tumor progression and metastasis
Following identification of the ability for SUSI to detect changes in tumor bearing
relative to control scaffolds in both human and mouse breast cancer at early and late
stages of disease, we next sought to identify the biological changes being detected by
SUSI in the scaffolds. We first investigated changes in extracellular matrix (ECM)
associated genes as these are both likely to be observed by SUSI [224–227] and are also
altered in the pre-metastatic niche [8, 42, 150] We investigated expression of Col1a1,
Col4a1, Fn1, Lox, and Mmp2 and found no significant differences in gene expression
between control and 4T1 tumor bearing scaffolds at day 7 post inoculation (Figure
7.3A). As no differences were observed in gene expression of ECM associated genes
we next investigated changes in cell populations within the scaffolds. Previous work
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Figure 7.2: SUSI detects changes in mouse and human-tumor bearing mice
relative to tumor-free at early stages of metastatic disease. (A)
Grayscale images of scaffolds taken from control and 231-BR tumor bear-
ing mice at day 5 post-inoculation. (B) Number of pixels lower than
the 95% confidence interval for each sample and each parameter show-
ing grayscale, mid-band fit, slope, ASD, and AAC for control and day 5
231-BR tumor bearing scaffolds. (C) Grayscale images of scaffolds taken
from control and 4T1 tumor bearing mice at day 5 post-inoculation. (D)
Number of pixels lower than the 95% confidence interval for each sam-
ple and each parameter showing grayscale, mid-band fit, slope, ASD, and
AAC for control and day 5 4T1 tumor bearing scaffolds. Error bars s.e.m.
*p<0.05 via two-sided t-test
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with scaffolds in tumor bearing mice has identified major changes in immune cell
populations as a result of tumor development and metastatic progression [30, 31, 34,
42, 152], however other stromal populations had not been investigated. As a result,
we performed flow cytometry to identify numbers of CD31+ endothelial cells present
in each scaffold (Figure 7.3B). A significantly increased number of CD31+CD45-
endothelial cells were present in the scaffolds of day 5 4T1 tumor bearing mice relative
to control scaffolds (1237 +/- 252 cells for control and 1909 +/- 385 cells for tumor
bearing scaffolds). We next sought to determine if our findings of alterations in SUSI
properties would be recapitulated in both decellularized scaffolds (Figure 7.3C) and
by isolating the cells from scaffolds and imaging these in a collagen gel (Figure 7.3D).
While no statistically significant differences between control and day 5 4T1 tumor
bearing scaffolds were observed with either decellularized scaffolds or investigating
scaffold-derived cells in collagen gel, scaffold-derived cells better mirror the changes
we saw in whole scaffolds. In decellularized scaffolds the number of pixels outside of
the 95% confidence interval decreased for grayscale, ASD, and AAC for tumor bearing
relative to control. However, the number of pixels for MBF and slope increased for
tumor bearing relative to control. For scaffold-derived cells, the number of pixels
outside of the 95% confidence interval decreased for all parameters in tumor bearing
relative to control, consistent with the whole scaffold. Scaffold-derived cells in a
collagen gel also reflect the trends observed with spleen-derived cells in a collagen gel
where we found a statistically lower number of pixels outside of the 95% confidence
interval for all parameters (Figure 7.3E). Previous work has identified immune cell
populations are altered similarly with tumor inoculation in both implanted scaffolds
and spleens [30, 31] and these results are concordant with that finding. Representative
grayscale images of scaffold-derived and spleen-derived cells in collagen gels as well
as decellularized scaffolds can be found in Supplemental, Figure 7.5 and SUSI
parameters for the blank scaffold can be found in Supplemental, Figure 7.6.
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Figure 7.3: SUSI detects changes in cellular composition and extracellular
matrix with tumor progression and metastasis. (A) qRT-PCR data
showing normalized gene expression for ECM associated genes including
Col1a1, Col4a1, Fn1, Lox, and Mmp2 for scaffolds from control and day 15
4T1 tumor bearing mice. (B) Flow cytometric analysis of CD31+CD45-
endothelial cells in scaffolds from control and day 15 4T1 tumor bearing
mice. (C) SUSI analysis of decellularized scaffolds taken from control
and day 5 4T1 tumor bearing mice showing fold change from control of
number of pixels under 95% confidence interval for each sample for each
parameter including grayscale, mid-band fit (MBF), ASD, and AAC. (D)
SUSI analysis of scaffold-derived cells in a collagen gel taken from control
and day 5 4T1 tumor bearing mice showing fold change from control of
number of pixels under 95% confidence interval for each sample and each
parameter including grayscale, MBF, ASD, and AAC. (E) SUSI analysis
of spleen-derived cells in a collagen gel taken from control and day 5
4T1 tumor bearing mice showing fold change from control of number of
pixels under 95% confidence interval for each sample and each parameter
including grayscale, MBF, ASD, and AAC. Error bars s.e.m. *p<0.05 via
two-sided t-test
159
7.4.4 SUSI parameters are able to classify tumor free and tumor bearing
mice with good sensitivity and specificity
We next built classification models to discriminate between tumor bearing and
control mice based on a consistent decrease in the number of pixels outside of the 95%
confidence interval observed in tumor bearing scaffolds. A schematic of the method
used to develop classification models is provided (Figure 7.4A) and a schematic of
experimental timeline is provided (Supplemental, Figure 7.7). A heatmap with
unsupervised hierarchical clustering across samples is shown for the number of pixels
outside of the 95% confidence interval for each parameter and each sample in the
test cohort (Figure 7.4B). Using unsupervised hierarchical clustering most tumor
free control samples (TF) cluster on the left and most tumor bearing samples (TB)
cluster on the right of the heatmap. However, the number of trees generated in the
clustering indicates the samples are heterogeneous in each classification and that a
simple cutoff value for each parameter cannot suffice to predict tumor status. Thus,
linear discriminant and bagged decision trees models were created to classify the test
cohort based on the training cohort. Each model gave each sample a score from
0 to 1 based on the likelihood of being tumor free (0) or tumor bearing (1) and
these scores are plotted in Figure 7.4C, demonstrating good separation in scores of
tumor free and tumor bearing scaffolds. A receiver operating characteristics (ROC)
curve was created for the classification of both models individually and the linear
addition of both models, with any score greater than 1 classified as tumor bearing
(Figure 7.4D). The area under the curve was calculated for each and the combined
score was found to outperform the individual models (Combined AUC: 0.92, Linear
Discriminant Analysis AUC: 0.88, and Bagged Decision Trees AUC: 0.87)
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Figure 7.4: SUSI parameters are able to classify tumor free and tumor bear-
ing mice with good sensitivity and specificity. (A) Schematic of
method used to classify samples as tumor free or tumor bearing. A train-
ing cohort of n=6 tumor free and n=8 tumor bearing mice was used to
build both a linear discriminant model and a bagged decision trees model.
The test cohort was then fed into the model and the classification pre-
dicted. (B) Heatmap with unsupervised hierarchical clustering of test
cohort data normalized across each parameter. (C) Classification of test
cohort data and score given by each algorithm indicating prediction of
either tumor free status (score of 0) or tumor bearing status (score of 1).
(D) Receiver Operating Characteristic curve for tumor status classifica-
tion showing the classification accuracy for the combined score including
both bagged decision tree and linear discriminant analysis models and
each model alone
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7.5 Discussion
Metastasis is responsible for 90% of cancer-related deaths in part, because no
clinical strategies currently detect metastasis prior to the compromise of organ func-
tion. In this work, we validate the use of SUSI on implanted scaffolds for the early
detection of metastasis at time points where no tumor cells are found in vital organs
[30, 31] but are found in implanted scaffolds in two animal models of breast cancer
metastasis.
Inverse spectroscopic imaging (ISOCT) has also been used to detect ultrastruc-
tural tissue changes associated with metastasis in these models [30, 31], however
ISOCT is greatly limited by a low penetration depth and expense of imaging plat-
forms. Traditional ultrasound imaging alone is often used in the clinic for evaluation
of primary breast cancer [228] indicating bedside ultrasound is a safe, non-invasive,
and highly cost-effective technology that fits well with current practice. Importantly,
SUSI represents a significant improvement beyond traditional grayscale techniques,
as these are unable to detect changes associated with metastasis, and is able to
monitor objective and quantitative parameters that are intrinsic to the properties of
tissues. In this study, while we recorded the absolute value of the SUSI including
grayscale, mid-band fit, slope, ASD, and AAC, we found that for all parameters the
number of pixels outside of the 95% confidence interval for each sample better sep-
arated tumor bearing and tumor free scaffolds. For all parameters the number of
pixels outside of the sample 95% confidence interval was found to be lower in tumor
bearing scaffolds indicating not only small but significant differences in SUSI param-
eters and tissue properties, but also a fundamental change in tissue heterogeneity.
The ability to use these parameters and change in implant infiltrate homogeneity (by
the number of pixels outside the 95% confidence interval for each sample) provides
promising translation for human samples as longitudinal monitoring is operator and
system independent and is dependent upon the heterogeneity of a tissue rather than
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the absolute value of a tissue parameter. This finding was similar in both syngeneic
(mouse 4T1) and xenogeneic (human 231-BR) mouse models of spontaneous metas-
tasis. This result was expected as we observe similar changes in tumor cell arrival
and immune/stroma alteration with the development of the pre-metastatic niche and
transition to metastasis in implanted scaffolds [30, 31]. We have also successfully
detected changes associated with metastasis in both models using ISOCT [30, 31].
Additionally, the observed changes in SUSI do appear to have some progression as-
sociated with early compared to relatively late stage metastasis. For 4T1-inoculated
mice all parameters are significantly altered between tumor free and tumor bearing
at day 15 whereas at day 5 only 4/5 parameters were significantly altered.
The observed alterations in SUSI parameters were hypothesized to be associated
with changes in ECM as this has been robustly measured using SUSI [229] and is
associated with the pre-metastatic niche [10, 51, 150] and metastasis to implanted
biomaterial scaffolds [42], however we did not find significant alterations in ECM
associated genes by qRT-PCR and decellularized scaffolds did not recapitulate the
change from tumor free to tumor bearing scaffolds (2/5 parameters were significantly
different between decellularized and whole scaffolds, while no parameters (0/5) were
significantly altered from the imaged scaffold cells to whole scaffolds). Thus, we looked
at cellular alterations and found a significant increase in endothelial cells, which are
also associated with metastasis and the pre-metastatic niche [8, 60]. We have also
already discovered a number of other significant changes in immune cells at this time
point [30, 31], which may also be part of the cellular changes SUSI detects between
tumor free and tumor bearing scaffolds.
Classification models built on the input of SUSI data were able to classify tu-
mor bearing and tumor free mice with good sensitivity and specificity. As a result,
we believe that SUSI of implanted biomaterial scaffolds represents a promising tool
to enable the non-invasive early detection of metastasis. The scaffold may be non-
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invasively monitored using SUSI, which is both operator and system independent,
to identify changes indicative of metastasis risk and then the scaffold explanted and
analyzed via histology, RT-qPCR, or other techniques to validate the arrival and
presence of immune cells (myeloid derived suppressor cells etc. [30, 31]) and gene
signatures (unpublished data, Oakes et al.) associated with metastasis as well as
directly quantifying the arrival of tumor cells. Early detection may enable the initia-
tion of early chemotherapeutic treatment among high-risk patients while the burden
of disease is low before whole organ systems are compromised. Specifically, we fore-
see this scaffold platform and imaging technologies being used in patients who have
received a diagnosis of invasive breast cancer, completed chemotherapy and surgery,
and are deemed cancer-free but may experience metastatic recurrence. Non-invasive
monitoring of a scaffold implant is complementary and potentially advantageous over
liquid biopsy approaches as the scaffold identifies risk of metastasis based on presence
of metastatic niche forming cells and tumor cells that have successfully metastasized
to a tissue and are similar to the metastatic lung (unpublished data, Bushnell et al.).
7.6 Outlook
In this study, we demonstrate the utility of SUSI to detect changes associated with
metastasis to biomaterial scaffolds in both syngeneic mouse and xenogeneic human
models of spontaneous metastasis before tumor cells are detectable in vital organs.
SUSI imaging of biomaterial scaffolds represents an important technological advance-
ment in the early and non-invasive detection of metastasis, providing a platform for
detection leading to early intervention and reducing mortality from cancer metastasis.
164
7.7 Materials and Methods
7.7.1 Scaffold fabrication and implantation
Microsphere preparation. PCL microspheres were prepared as previously de-
scribed [30]. Briefly, microspheres were prepared by emulsification of a 6% (w/w)
solution of PCL (Lactel Absorbable Polymers; Inherent viscosity 0.65-0.85 dL/g) in
dichloromethane in a 10% (w/v) poly(vinyl alcohol) solution followed by homoge-
nization at 10,000 rpm for 1 minute. The solution was then stirred for 3 hours to
evaporate dichloromethane solvent. Microspheres were then collected by centrifuga-
tion at 2000 x g for 10 minutes and washed at least five times in deionized water.
Finally, microspheres were lyophilized for 48 hours.
Scaffold fabrication. Microporous PCL scaffolds were prepared by mixing PCL
microspheres and sodium chloride crystals (250-425 μm in diameter) at a 1:30 (w/w)
ratio. This salt and polymer microsphere mixture was then pressed in a steel die for
45 seconds at 1500 PSI. Polymer/salt disks were then heated at 60C for 5 minutes
per side to melt polymer microparticles around salt crystals to form a continuous
structure. Salt crystals were subsequently removed by immersion in water for 1.5
hours. Scaffolds were then sanitized for animal studies using 70% ethanol, rinsed
with sterile water, and dried on a sterile surface.
Scaffold implantation. Scaffolds were implanted into the subcutaneous space of
8-week-old female NOD/SCID-IL2R-/- (NSG) or balb/c mice as previously described
[30]. For the implantation procedure, animals were anesthetized via isoflurane (2%,
inhaled), prepared with Carprofen analgesia (5 mg/kg, subcutaneous injection), the
upper back was shaved and prepped using a Betadine swab followed by an ethanol
swab and this procedure was repeated 3 times. A fenestrated sterile field was draped
over the surgical area and a 1 cm incision was made in the upper back. Following
incision, subcutaneous pockets were created perpendicular to the incision, into which
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sanitized scaffolds were inserted (2 scaffolds/mouse). The skin was then closed using
sterile wound clips (Reflex 7 mm, Roboz Surgical Instrument Co).
7.7.2 Tumor Inoculation
Animal studies were performed in accordance with institutional guidelines and
protocols approved by the University of Michigan Institutional Animal Care and Use
Committee (IACUC). Tumor inoculations were performed by injection of 2e6 MDA-
MB-231BR-tdTomato-luc2 (Northwestern University Developmental Therapeutics Core)
or 4T1-tdTomato-luc2 (Perkin Elmer) cells in 50 μL PBS (Life Technologies) into the
fourth right mammary fat pads of 10-week-old female NSG mice or Balb/c mice re-
spectively (Jackson Laboratory). Cell lines were confirmed to be pathogen free and
authenticated by short tandem repeat DNA analysis and compared to the ATCC
STR profile database (DDC Medical).
7.7.3 Ultrasound Imaging
The Vevo 770 system (Visualsonics, Toronto, Canada) with a 55 MHz center fre-
quency single element transducer (Vevo 708 scan head) were used to image scaffolds
ex vivo or in situ. Scaffolds were imaged with B-mode, 3D scan mode, and radiofre-
quency mode to acquire data for SUSI analysis.
7.7.4 Spectral Ultrasound Imaging (SUSI) Analysis
Grayscale. Raw backscattered RF data was Hilbert transformed to obtain the
complex analytical signal p(y,z). Grayscale values were determined as the mean
absolute value of the signal over the selected region as:
GS(y, z) = log10[p(y, z)]
Spectral parameters. The power spectra of each RF scan line was calculated by
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taking the Fast Fourier Transform of the segment of signals gated by a hamming
window with 0.2 μs sliding with a 0.1 μs offset. For calibration and removal of system-
dependent factors the power spectrum was divided by the spectrum of a perfect
reflector (oil-water interface). Slope (m) and mid-band fit (MBF) were determined
using linear regression to the calibrated power spectrum within a -9 dB bandwidth.
Acoustic scatter diameter (a), the effective size of acoustic scatters in a tissue, was
assessed using slope (m), the geometry index (n), the center frequency of the imaging
transducer (fc), and bandwidth of the transducer (b):
a = 2 ∗
√
0.25n ∗ [b− (1−
b2
4
)]
b3f 2c
− m
105.5fc
Acoustic concentration (CQ2) was calculated by using MBF, scatter diameter (a),
and a shape dependent factor (E):
CQ2 =
(e0.23(MBF−g1n−g2(
a
2
)2))
Ea2(n−1)
g1(fc, b) = 4.34[ln (fc(1− b
2
4
)0.5(
2 + b
2− b)
1
b )− 1]
g2(fc, b) = −76.9fc2(3 + b
2
4
)
Average scatter diameter (ASD) and average acoustic concentration were calcu-
lated as the average value of the scatter size (a) and acoustic concentration (CQ2)
respectively in the chosen region. AAC values are given in decibel scale. For each
parameter 95% confidence intervals were calculated for each sample and the number
and percentage of pixels above or below the 95% confidence interval quantified for
each sample.
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7.7.5 Statistical Analysis
Regions in at least 10 frames from each scaffold were identified and quantified by
GS value and spectral parameters. All results are presented as mean +/- standard
error of mean (SEM). Statistical comparisons of parameters between groups were
made using Students t-test for unpaired samples. A p value of ¡0.05 was considered
statistically significant.
7.7.6 RT-qPCR Analysis
Scaffolds were explanted from tumor-free and tumor bearing mice, flash frozen
in isopentane, and stored until use. Total RNA was isolated from explanted scaf-
folds via homogenization in TRIzol (Thermo Fisher, Waltham, MA). Samples were
centrifuged at 10,000 x g to remove non-soluble particles. Total RNA was iso-
lated using Direct-zolTM RNA Miniprep Plus kit (Zymo Research Corp, Irvine,
CA). RNA concentration and purity were assessed by light absorbance via Nan-
oDrop 2000c (Thermo Fisher). cDNA was generated from RNA via reverse tran-
scription using SuperScriptTM VILOTM cDNA synthesis kit (Thermo Fisher). Taq-
man probes were purchased from Thermo Fisher including Mm00495386m1 (Lox),
Mm00439498m1(Mmp2), Mm00801666g1 (Col1a1), Mm01210125m1 (Col4a1), Mm-
01256744m1 (Fn1) and reference genes Gapdh, Tbp, Ywhaz, Hmbs, Ubc. RT-qPCR
was performed on CFX ConnectTM Real-Time PCR Detection System (Bio-Rad Inc,
Hercules, CA) with CFX Manager Software.
7.7.7 Decellularization of scaffolds
Scaffolds were decellularized using the method described by Aguado et al. [42]. In
brief, scaffolds were explanted from tumor-free and tumor bearing mice and washed
in dPBS, then treated with sequential 30 min washes in 1%, 2% and 3% Triton X-
100 (Sigma Aldrich), followed by an overnight incubation in 0.1% sodium dodecyl
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sulfate (SDS) with shaking at 4’C. This treatment was repeated the following day
until scaffolds were completely decellularized.
7.7.8 Preparation of cell suspensions for SUSI
Single cell suspensions were prepared as described above for flow cytometry. Fol-
lowing preparation of a single cell suspension cells were added to 4 mg/mL collagen
I, 5x DMEM solution, Fetal Bovine Serum, and 0.1N NaOH at a ratio of 1:5:2:1:1
resulting in a collagen gel with a final concentration of approx 500,000 cells/mL, 1x
DMEM, 2 mg/mL collagen I, 10% FBS, and 0.01N NaOH. Gels were plated in a 24
well plate and allowed to crosslink for 30 min at 37’C prior to imaging.
7.8 Supplemental Figures
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Figure 7.5: SUSI detects changes in tumor bearing spleens relative to con-
trol. (A) Representative grayscale images of cells from control or day 5
4T1 tumor bearing scaffolds embedded in a collagen gel. (B) Representa-
tive grayscale images of decellularized scaffolds from control or day 5 4T1
tumor bearing mice. (C) Representative grayscale images of cells from
control or day 5 4T1 tumor bearing spleens embedded in a collagen gel.
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Figure 7.6: SUSI parameters for blank scaffold. (A) representative B-
mode image of a blank scaffold. (B) SUSI analysis results includ-
ing grayscale, mid-band fit (MBF), ASD, and AAC of blank scaffolds.
(C) SUSI analysis results of pixels under 95% confidence interval for each
sample and each parameter including grayscale, MBF, ASD, and AAC of
blank scaffolds
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Figure 7.7: Schematic of experimental timeline for SUSI experiments.
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CHAPTER VIII
Conclusions and Future Directions
8.1 Summary of Findings
Taken together, the work presented in this dissertation describes developing a
biomaterial implant for the early detection of metastasis, therapeutic benefit, and
as a tool to study metastasis. By recruiting tumor cells to a defined site in vivo
metastasis can be detected non-invasively using both optical and ultrasound tech-
niques. Furthermore, the diversion of immune cells associated with metastasis as well
as tumor cells themselves to the implant significantly enhanced survival in a mouse
model of therapeutic tumor resection. The phenotype of tumor cells recruited to
the implant was elucidated and compared to tumor cells derived from the primary
tumor and lung metastasis. Scaffold-recruited tumor cells were found to be a highly
aggressive population of metastatic tumor cells with many phenotypic and functional
similarities to tumor cells found in the lung. Additionally, immunomodulation at the
scaffold site was used to study the effect of cytokine delivery on immune and tumor
cell recruitment in vivo and identified key immune populations associated with tumor
cell recruitment across a range of different immune microenvironments. The scaffold
platform was also evaluated in two transgenic models of tumorigenesis and metastasis
including one breast cancer model and one pancreatic cancer model. Implants were
found to recruit tumor cells and demonstrate tumor-progression dependent immune
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dynamics, providing further evidence for their translatability to human patients. The
research described in this dissertation continues the previous work done in this area
and advances the promise for the utility of this platform in a clinical setting.
8.2 Significance and Impact
The work presented in this dissertation addresses a crucial gap in the current
treatment of cancer. Metastasis is not detected until late stages of the disease, when
many billions of tumor cells have colonized a vital organ. This research furthers the
development of a platform to enable the detection of metastasis at its earliest stages,
when intervention and treatment may have a greater impact on patient survival. The
strategy of using a biomaterial platform to detect metastatic tumor cells is in con-
trast to liquid biopsy detection of CTCs by capturing tumor cells that are capable of
metastasis, unlike an estimated 99.99% of circulating tumor cells. In Chapter 3 we
develop an implant that is stable for months in vivo and yet is able to recruit tumor
cells long after implantation. We also demonstrate in a mouse model of tumor resec-
tion, scaffold implantation enhances survival relative to mock surgery. These findings
both increase translatability of the scaffold platform to patients as the scaffold would
be stable for months as well as indicate the scaffold may have use as a therapy as well
as detection platform. In Chapter 4 we investigated immunomodulation at the scaf-
fold implant as a way to elucidate novel contributors to metastatic progression and
recruitment to the implant that had not previously been identified. This approach
may be further applied to many other factors associated with metastasis and the pre-
metastatic niche as a more controlled system for identifying the local contributions
of individual factors to metastasis. Additionally, this approach may also be used to
enhance tumor cell recruitment to the implant, potentially enhancing the signal to
noise ratio in the clinical setting. In Chapter 5 we discuss the phenotype of tumor
cells recruited to biomaterial implants and investigate whether these tumor cells are a
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population capable of metastasis. Indeed, we find tumor cells recruited to the implant
represent an aggressive population of metastatic tumor cells whose diversion may be
partially responsible for the therapeutic and survival benefits found in Chapter 3.
In Chapter 6, we test the function of biomaterial implants in transgenic models of
tumorigenesis and metastasis that are more clinically translatable than orthotopic
models. Scaffolds recruited spontaneously metastasizing breast and pancreatic tumor
cells in these models and demonstrated tumor-progression-dependent immunomod-
ulation. The finding of tumor cell recruitment in pancreatic cancer is particularly
significant as it is the cancer with the lowest survival rate as a result of its rapid
progression to metastasis. Finally, in Chapter 7 we describe the use of non-invasive
ultrasound imaging for the detection of metastasis at the scaffold implant. Ultrasound
is a more translatable platform for non-invasive imaging in humans relative to optical
techniques previously used and thus represents and important finding for translation
of the scaffold as a detection platform for metastasis. Collectively this work highlights
the opportunities for translation of this device as a tool to detect metastasis early and
potentially reduce metastatic tumor burden as well as a platform to study metastasis.
8.3 Future Directions
The following section proposes future studies that will enhance the significance
and impact of the work presented in this dissertation.
8.3.1 Single cell analysis of tumor and immune cells recruited to bioma-
terial scaffolds
Single cell analysis is a burgeoning technique in biomedical research [230] and has
the ability to gain information about individual cell types in a tissue, their transcrip-
tome, and the heterogeneity of these populations. Single cell transcriptome analysis
of tumor cells recruited to biomaterial scaffolds was an original aim of this disser-
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tation, however collection of a sufficient number of metastatic tumor cells using a
variety of techniques including fluorescence-activated cell sorting (FACS), magnetic-
activated cell sorting (MACS), and circulating tumor cell capture devices including
EpCAM+ dendrimer coated surfaces [231], Labyrinth microfluidic cell sorting device
[232], flexible microspring array device [233], and Hydro-seq (unpublished data, Yu-
Chih Chen). Ultimately, as these approaches were not successful, the cell lines from
various metastatic locations were created in order to have sufficient number of tu-
mor cells for analysis including phenotypic and functional analyses that could not
have been performed with directly isolated tumor cells. While techniques for single
cell analysis were relatively exhaustive there were a few areas that were not inves-
tigated due to their ease of availability including laser-capture microdissection [234]
and Seq-Well [235]. It is likely that a combinatorial approach used to purify tumor
cells from the scaffold and remove polymer debris with a microfluidic method will
achieve greater success.
Single cell analysis of the immune and stromal infiltrate in biomaterial scaffolds
is another key area for future work. While this dissertation and the work before it
have performed exhaustive flow cytometric characterization of immune cell surface
markers and the dynamics of these populations with scaffold implantation and tumor
development, surface marker analysis does not provide any clues into the various
phenotypes possible for each of these cell types and their role within the paracrine
signaling to develop, maintain, and progress the pre-metastatic and metastatic niche.
This is an area of immediate interest and exploration for the future.
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8.3.2 Understanding the alterations within the scaffold microenviron-
ment that are required for tumor cell recruitment in different cancer
types
One original aim of this dissertation was to develop a model for tumor cell re-
cruitment as a function of the various immune cell populations present. As we see
variability in both tumor cell recruitment and immune cell populations present at
the scaffold this provides a natural avenue to investigate the interplay between these
populations. Indeed, this analysis was performed in both Chapter 4 and Chapter 6
in order to elucidate the role of various immune cell populations in tumor cell recruit-
ment in three different models of metastasis including orthotopic and spontaneous
breast cancer and spontaneous pancreatic cancer. While models were developed for
each, simply associating the presence of various immune cell populations does not
provide information or insight into the phenotype of these cells, what they are secret-
ing and how they are interacting with tumor cells either directly or indirectly. This
dissertation provides key cell populations for further investigation including CD4 and
CD8+ T cells, whose role at the pre-metastatic niche has yet to be fully elucidated
and have not been implicated in tumor cell recruitment to biomaterial scaffolds to
date (Chapter 2), neutrophils which have dual roles in metastasis promotion and
suppression [236], dendritic cells whose direct role in metastasis is not yet well estab-
lished [47, 142, 237], and natural killer cells which are primarily shown to eliminate
metastatic tumor cells [238] but in these studies demonstrated an increase with in-
creased tumor cell presence. These populations may be further elucidated for their
roles via single cell sequencing as described above, adoptive transfer of labeled cells
[239] and observation of trafficking to the scaffold, and/or validation in a broader
range of immunomodulated microenvironments. Further investigation into this area
not only facilitates a greater understanding of the mechanisms of biomaterial scaffold
function in various models, but also provides crucial insights into common mecha-
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nisms of metastasis across various tumor types and crucial correlates for translation
to patients.
8.3.3 Improved understanding of immune cell trafficking and education
within the scaffold microenvironment
The work presented in this dissertation provides evidence that the foreign body
response is dynamic and sensitive to systemic immunomodulation that occurs during
cancer progression. However, it is still unknown at what time scales this turnover and
trafficking of immune cells as part of the foreign body response occur on. Further-
more it is unknown whether immune cells are educated by the foreign body response
to the implant and alter their phenotype relative to the blood in the context of
tumor-dependent immunomodulation. It is also unclear if these immune cells may be
educated within the scaffold microenvironment and then leave the scaffold and traffic
to other areas of the host, including potential metastatic sites or the primary tumor
itself. These questions can be investigated via labeling of immune cells and adoptive
transfer as a preliminary step [239]. Furthermore they could also be explored by
cell painting approaches [240], optogenetic-like approaches [241], or transplant of a
scaffold containing cells from a labeled host into a non-labeled host. Each of these
approaches has significant experimental considerations and potential pitfalls but be-
ginning with simple adoptive transfer experiments may begin to answer some of these
questions. While of secondary interest to scaffold function as a pre-metastatic niche,
these questions are important toward further the understanding of the foreign body
response in the context of cancer or other immunomodulating conditions.
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8.3.4 Improved understanding of tumor cell dormancy within the scaffold
microenvironment
Although we consistently observe tumor cells arriving to the scaffold implant in
many varied models of cancer metastasis we have never seen secondary tumor forma-
tion at the implant, even over time scales greater than one year for survival studies
after tumor resection. Furthermore we performed preliminary experiments trans-
planting scaffolds containing tumor cells from 4T1-bearing balb/c mice into NSG
immunocompromised mice. In this experiment (data not shown) we did not observe
secondary tumor formation at the transplanted scaffolds and the mice eventually died
of old age. In contrast, in a control experiment to understand if this phenomenon was
simply a result of the low number of cells present within the scaffold, we seeded 20
4T1-tdTomato-luc2 cells on scaffolds and implanted them into NSG mice. We found
all scaffolds implanted demonstrated tumor formation by 4 weeks after implantation.
This result led us to hypothesize that there may be something about the established
foreign body response that prevents these tumor cells from forming a secondary tu-
mor at the implant when they arrive. However, it seems if the tumor cells arrive first
before the foreign body response is established it seems they have an advantage and
are able to subvert the microenvironment to allow their expansion. This is particu-
larly interesting due to the fact that 20 tumor cells is well below the reported number
of tumor cells that is required to form a tumor in limiting dilution assays to identify
cancer stem cell frequency in the 4T1 tumor cell line [242]. The long term fate of
tumor cells recruited to scaffolds is a crucial area for further study as the ability of
the scaffold site to serve as an active site that promotes secondary tumor growth
would be detrimental to clinical translation. Furthermore, enhanced understanding
of the mechanisms of quiescence or dormancy at the implant may help provide basic
answers within the field of tumor dormancy that have been very difficult to study in
animal models.
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8.3.5 Translation of biomaterial scaffolds for detection of metastasis
The first crucial consideration for clinical translation of the platform technol-
ogy discussed herein is device design and fabrication including material, fabrication
method, and size. Scaffold design and size are crucial to scaffold function in humans.
We anticipate that the appropriate size for humans will be a scaffold 13 mm in di-
ameter (instead of the 5 mm used in mouse studies) and 2 mm in height. This size
allows for a large enough implant that it could be biopsied multiple times if needed
but also small enough that it should not be noticeable or cause any discomfort for
the patient. Additionally, fabrication must be conducted in a GMP facility and thus
strides have been made to fabricate PCL scaffolds using a melt-dispersion process
(Youngblood et al., unpublished) which is easily adaptable to GMP practices com-
pared to the synthesis of polymer microparticles. The melt-dispersion process also
allows for a greater level of quality control on the end product as there will no longer
be any batch-to-batch variability in microparticle size.
The method of non-invasive imaging and other analysis techniques are the next
critical components of translation of this platform into humans. This dissertation
reports the use of high frequency ultrasound for monitoring of scaffold tissue pa-
rameters associated with metastasis in mice. Studies to determine the feasibility of
longitudinal monitoring must be performed in patients as well. However, the first
studies in humans with the scaffold will likely be a simple readout of whether tumor
cells were recruited to the scaffold or not via histology and staining for carcinoma
associated markers like pan-cytokeratin. If tumor cells and immune cells associated
with metastasis are recruited to the scaffold implant, the next step will be validating
a protocol for non-invasive imaging and longitudinal monitoring of patient implants.
This dissertation reports on the ability of biomaterial scaffolds to recruit tumor
cells in a variety of different models including orthotopic human 231BR and mouse
4T1 triple negative breast cancer models as well as transgenic models of breast cancer
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and pancreatic cancer. These results indicate a common mechanism of metastasis in
these models and recruitment of tumor cells and metastasis-associated immune cells
to the scaffold in varied disease models. Transgenic models are the most translatable
implemented in the Shea Lab to date, however more work should be done with other
models of cancer metastasis to determine scaffold function in these models. Current
evidence points to the idea that the scaffold may be suitable for use in a wide array
of metastasizing cancers, but further investigation is warranted.
An emerging method for the detection of metastasis or tumor progression is the
analysis of the scaffold microenvironment and gene signature (Oakes et al., unpub-
lished). These results indicate that the scaffold gene signature is capable of predicting
sensitivity or resistance to an applied therapy, in this case resection of the primary
tumor. These results are an exciting complement to the detection of tumor cells and
provide a platform for detection of tumor-dependent immunomodulation that may
be more sensitive than the detection of tumor cells themselves. However, it remains
to be seen if this information could be gathered from a simple blood test rather than
using the foreign body response to an implanted scaffold. Further work to elucidate
the differential gene expression that may be indicative of tumor progression and/or
metastasis between the immune cells as part of the foreign body response to the
scaffold and those in the blood must be performed.
With the development of new responsive biomaterials, there is an opportunity for
the next generation of scaffolds that recruit metastatic cancer cells and respond to
tumor-dependent immunomodulation to be dynamic and responsive (or smart) [152]
and provide a simple readout as the result of tumor cell recruitment, the presence
of a soluble factor associated with metastasis, or the binding of a specific immune
cell type to a ligand in the material. These next generation smart materials have
the unique opportunity to provide a very simple readout and integrated biochemical
or biomolecular assay within the material, at the cost of increased complexity of the
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material itself and potentially greater barriers to regulation. Clinical implementation
of materials for metastasis detection will require either development of smart materials
or use of simple materials like those described in this dissertation with development
and validation of more complex assays for the analysis of tumor cell arrival and
alteration of immune cell populations and/or gene expression.
Given the significant preclinical findings previously published and presented in
this dissertation, there is sufficient evidence to move forward in a Phase I trial for
safety and efficacy of a poly(ε-caprolactone) scaffold to recruit metastatic tumor cells
in stage IV breast cancer patients. This trial has been designed, approved by the
Institutional Review Board and Tumor Board at University of Michigan and is cur-
rently waiting for approval from the Food and Drug Administration for the scaffold
device. This trial will be the first step toward implementing this technology in pa-
tients for the detection of metastasis and will provide crucial evidence for moving
forward to implementing the scaffold for the early detection of metastasis in patients
who have been through treatment and declared cancer-free but are still at risk for
future metastatic recurrence.
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